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SUMMARY

A frequency-domain, noncompact-source theory for both the steady-loading and volume-
displacement (thickness) noise of high speed propellers has been developed and programmed.
Both near-field and far-field effects have been considered. This code utilizes blade surface
pressure distributions obtained from a 3D (three-dimensional) nonlinear aerodynamic flow
field analysis program as input for evaluating the steady-loading noise.

In order to investigate the effects of the aircraft installation on the sound field generated
by the propeller, simplified mathematical models of the velocity fields induced at the propeller
disk by nearby wing and fuselage surfaces and by angle-of-attack operation have been
developed to provide estimates of the unsteady loading imposed on the propeller by these
potential field type interactions. These unsteady blade loadings have been coupled to a
chordwise compact propeller unsteady-loading noise model to provide predictions of
unsteady-loading noise caused by these installation effects.

Both the steady loading and thickness model and the unsteady loading model described
above have been checked against NASA-supplied data for the SR-2 and SR-3 model propfans.
In addition, the steady loading and thickness model has been compared with data from the
SR-6 model propfan. These theoretical models have been employed in the evaluation of the
SR-7-powered Gulfstream aircraft in terms of noise characteristics at representative takeoff,
cruise, and approach operating conditions.

Finally, an analysis to estimate the corrections to be applied to the free-field noise predic-
tions in order to arrive at the measurable fuselage sound pressure levels has been formulated
and programmed. This analysis considers the effects of fuselage surface reflection and diffrac-
tion, together with surface boundary layer refraction.

In all cases, agreement between theory and experiment is encouraging.
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Mo, Mx
MCA

PLm

NOMENCLATURE (Section 2.1)

Speed of sound

Number of blades

Chord: diameter ratio

Blade section lift coefficient

Power coefficient

Absolute tangential velocity (swirl)

Blade chord

Speed of sound

Diameter

Face alignment (defined in Figure 1)

Force

Normalized chordwise biade loading function (defined in Equation 2.1.4)
Normalized chordwise blade thickness distribution (defined in Equation 2.1.4)
V-1

Advance ratio of propeller

Bessel function

Arbitrary constant

Dimensionless chordwise wave numbers (defined in Equation 2.1.3)
Blade section lift

Helical tip Mach number

Relative Mach number

Rotational tip Mach number

Axial Mach number

Midchord alignment (defined in Figure 1)

Blade passing frequency harmonic number

Rotational speed in rps (radians per second)

Power

Steady loading (lift force) source
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Pvm Volume displacement (thickness) source

P Pressure
R/r Blade radius or observer distance (defined in text)
fo Observer distance
T Torque per unit span
th Maximum thickness: chord ratio
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NOMENCLATURE (Section 2.2)

Number of propeller blades
Ambient speed of sound

Steady (thrust) force per unit spanwise length exerted by each blade in the z direc-
tion (Figure 37); fzo is a function of radius “r”
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direction (Figure 33); note that f4o is a function of radius and also that, in view of
Figure 33, if the sense of rotor rotation is clockwise (forward looking aft), fpo will
be negative
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horizontal direction)
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Ambient air density

“Emission” angle for propeller noise

“Observer” angle for propeller noise

Angular velocity of propeller in radians per second
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1.0 INTRODUCTION

1.1 Background

Recent studies have shown that the high speed turboprop offers an attractive alternative
to turbofan propulsion for certain future commercial aircraft applications because of its sub-
stantially higher propulsive efficiency potential. However, one of the major obstacles to the
use of high speed turboprops is the high near-field noise level generated by the propeller,
which may cause a potentially serious cabin noise problem. In response to this potential
problem, there has been substantial activity in both theoretical and experimental investiga-
tions of the noise characteristics of high speed propellers by NASA and private industry.

The currently envisioned high speed turboprop systems call for cruise flight speed Mach
numbers of 0.7 to 0.8 and propeller tip speed Mach numbers of 0.7 to 0.9, which results in
propeller blade operation in the transonic and supersonic regimes. Recent theoretical models
of propeller noise have been produced to account for forward flight effects, source non-
compactness, and supersonic motion of the blade-fixed sources relative to the observer
position. These effects are all present to some degree for propellers operating at transonic and
supersonic relative Mach numbers. The concept of the propfan, a low aspect ratio, high blade
number propeller with swept blades, has features which promise significantly lower noise than
conventional propellers. These features include very thin blade sections with large sweep
angles near the tip to produce subsonic relative Mach number components normal to the lead-
ing edge of the blade, thus reducing losses and flow field discontinuities associated with the
formation of shock waves.

Experimental measurements of several propfan configurations under NASA (and NASA-
sponsored) programs have shown that propellers operating at transonic tip relative Mach num-
bersin actual (and simulated) forward flight exhibit noise characteristics considerably different
from those predicted by earlier propeller noise theories. These differences include the trends
- in level with increasing tip relative or helical Mach number, as well as the harmonic spectrum
shape. Since the newer theories predict the measured trends quite well in the subsonic regime,
there is reason to suspect the failure in the theories to be related to the changes in character
of the flow in the transonic regime being not adequately simulated by the theories as they now
stand.

The substantial improvements in aircraft fuel efficiency projected for turboprop systems
over turbofan systems gives strong incentive to resolve the discrepancy between predicted and
measured noise trends in the transonic/supersonic operating range. If an accurate prediction
model which contains the essential physics of the noise production processes involved can be
established with confidence, then the procedure can be exploited to understand the noise
production mechanisms and their controlling parameters. From this understanding, a design
optimization procedure can be developed which yields the best combination of high efficiency
and low noise. An accurate prediction of the noise characteristics of a propeller, especially its
near-field spectral and directivity characteristics, will also permit a better chance to design the



most effective cabin structural and airborne noise attenuation features and, hence, minimize
cabin interior discomfort with the smallest possible impact on the weight of the aircraft.

Although the issue has not been resolved, several reasons and/or explanations for the
apparent failure of current theories of propeller noise in the transonic/supersonic regime have
been put forth. One possible explanation (which we believe to be the correct one) is that the
aerodynamic input to the acoustic theory has thus far been inadequate. Current practice has
been to input blade surface pressure distributions using a polynomial distribution matched to
an overall lift force at each spanwise location along the blade, or to utilize linearized two-
dimensional strip theory analysis to calculate the input pressure distributions. Current noise
theories utilize this input pressure distribution to compute the contribution to the noise field
due to blade loading. The blade geometry, blade cross section shape, or thickness distribution,
is used to compute the blade volume-displacement or thickness contribution to the noise field.
Both loading and thickness noise produce tones at multiples of blade-passing frequency. The
thickness noise component is a function of the spatial/time variation of the component of blade
surface velocity normal to the surface itself. This is a function only of blade shape and blade
motion relative to the observer, and so is independent of the aerodynamic flow field around
the blades. Hence, if the thickness noise component of the theory is in error, it is due to an
inadequacy of the acoustic theory itself, and not due to an inadequate aerodynamic input.

The loading noise component of the theory, however, could possibly be in error as a result
of shortcomings in the aerodynamic input. The inadequacy can be associated with at least two
major effects:

L Three-dimensional nature of the flow in the tip region of the blade, characterized
by spanwise flow migration and blade tip “relief” effects

2, Nonlinearity of the flow in the transonic regime, including the effects of shock
formations and supersonic “patches” on the blades.

The first of these effects is present even in subsonic flow, where the current acoustic
theories seem to work well enough. The second effect is unique to the flow regime of interest,
and it is strongly suggested as a necessary effect which must be properly modeled in order to
predict the noise characteristics of propellers in the transonic regime properly. Although the
three-dimensional effects may alter the nonlinear and shock-related features of the blade flow
field, it is strongly felt that it is the nonlinear effect which may resolve the data/theory
discrepancies in the transonic regime. Although three-dimensionality is certainly present, its
effect by itself is probably not important since the two-dimensional aerodynamic input
provides reasonable results in the subsonic regime.

It can be argued that future turboprop propellers will be of the propfan type, with swept
blades of thin cross section, and hence will be “designed” for minimal transonic nonlinearity
effects and shock-free flow. However, even if this situation could be achieved at “design”
conditions, the aircraft propulsion system is required to operate at off-design conditions during
takeoff, climb, descent and landing approach modes, and thin blade sections operating even
slightly off-design will exhibit nonlinear flow distributions with shock formations. These



off-design conditions may well constitute a major fraction of the flight duration for the typical
500-mile missions (or less) envisioned for high speed turboprop application.

There are other possible causes of the disparity between current theories of propeller noise
and recent measurements. These include:

° Nonlinear propagation effects due to the impulsive nature of the blade-generated
wave forms in the transonic regime

° Other sources such as nonuniform loading noise due to installation-imposed distor-
tions on the propeller

° Fuselage boundary layer refraction of the incident sound

° Shielding of the incident sound by nearby wing surfaces.

Some of these may not apply to all the recent experimental observations acquired by NASA
but, nonetheless, are effects which need to be considered in evaluating a given turboprop
aircraft installation.

1.2 Objectives

The primary objective of this program has been to provide an improved, unified theoretical
model for predicting the noise of high speed propellers which can satisfactorily explain
observed experimental trends in the transonic helical Mach number regime (as discussed in
Section 1.1). A second objective of this program was to provide preliminary theoretical models
for predicting the installation effects on propeller noise. These effects include additional
unsteady loading noise due to angle-of-attack, wing and pylon/nacelle interference effects; and
aircraft surface reflection, refraction, and shielding. The primary objective focused on an
improved understanding of the basic propeller noise generation due to steady loading and
volume-displacement (thickness), while the secondary objective focused on additional,
installation-induced noise sources and modification of the basic noise source characteristics
by the installation (aircraft) environment.



2.0 ANALYSIS AND RESULTS

2.1 Steady Loading Theoretical Model
2.1.1 Introduction
2.1.1.1 Acoustic

The starting point of the acoustic analysis is described by the so-called “Ffowcs Williams-
Hawkings Equation” (Reference 2.1.1):

3 PU, 3 Pij %y
4rp (x,t) = 3t ;W ds - E rll'l‘lrl ds (2.1.1)

where the square brackets imply evaluation of their contents at the “source” or “retarded”
time =, given by

o~

1]

(a4

]
o” I

when t = “observer” time. It should be noted that Equation 2.1.1 is quoted omitting the
aerodynamic stress or quadrupole terms.

It can be seen that if Equation 2:1.1 is evaluated as is, namely in the time domain; singu-
larities will occur when My, the Mach number of the source in the direction of the observer,
becomes unity. For this reason, many workers (for example, References 2.1.2 through 2.1.5)
have taken the step of Fourier Transforming Equation 2.1.1 into the frequency domain in order
to make use of this formulation in the prediction of the sound generated by an open rotor.

Hawkings and Lowson (References 2.1.2 and 2.1.5) employed Equation 2.1.1 in the calcu-
lation of sound from open rotors operating at supersonic tip speeds. They assumed that the
blades were thin and that the surface integrals could be replaced by integrating over the mean
planform area. The thin blade assumption also led to the dropping of the quadrupole term
from the original equation.

Hawkings and Lowson compared their predictions with data measured by Hubbard and
Lassiter (Reference 2.1.6) and Kurbjun (Reference 2.1.7) and concluded that discrepancies
in the comparisons were the result of nonlinear propagation of the acoustic signal. They
employed the weak shock theory of Whitham (Reference 2.1.8) to account for this nonlinearity
and were, by this means, able to improve the agreement between the reported data and the
predicted results by a considerabie degree. It is, perhaps, worth noting here that the data were



taken in the plane of rotation of a two- and a three-bladed propeller at distance-to-diameter
ratios of 7.66 and 10.00, respectively. In addition, the information available concerning blade
section geometry and loading was sparse. Several points made by Hawkings and Lowson do,
however, bear repetition here. They observed that at supersonic source speeds it is possible
for the source to emit signals from numerous locations which may arrive at the observer simul-
taneously. They also noted that changes in the lift or thickness distributions across the blade
chord have direct and predictable effects upon the acoustic harmonics and that this suggests
the possibility of altering the blade profile and aerodynamics to produce an acceptable acoustic
spectrum.

Hawkings and Lowson used a cylindrical polar coordinate system in their derivation. They
also neglected the effects of forward flight - a reasonable simplification since both sets of data
used for their comparisons came from propellers on test stands. In their later paper (Reference
2.1.5) they do perform the extension to forward hub motion, observing that, acoustically, the
effect of the hub velocity is equivalent to increasing the rotational speed by the Doppler factor
(1-Mp cos e) while simultaneously reducing the observation distance to r (1 - Mo cos 8).

The above-discussed approach of Hawkings and Lowson can be traced back to the Lighthill
theory of aerodynamic sound (Reference 2.1.9) by means of the work of Ffowcs Williams and
Hawkings (Reference 2.1.1).

Taking the same starting point, but following Goldstein (Reference 2.1.10) in the use of
generalized Green’s Function solutions, Hanson (Reference 2.1.11) defined a space-fixed,
locally orthogonal coordinate system, tied to the helicoidal surface swept by the blade pitch
change axis as the blade rotates and advances. The advantage of this coordinate system lies in
the ease with which conventional airfoil coordinates can be input into the computational
scheme.

At the start of this work it was decided to develop and program a linearized, distributed-
source, far field, frequency-domain model for steady loading and thickness noise only (fol-
lowing the arguments of Hawkings and Lowson), in which the helicoidal surface coordinate
system of Hanson would be employed. It was decided that, following comparisons with data
taken in the acoustic near field, extensions to the theory would be formulated to account for
near field effects.

2.1.1.2 Aerodynamic

Use of a distributed-source prediction procedure requires knowledge of both spanwise
and chordwise distributions of blade loading and thickness. The propfan designs under consid-
eration for application on high speed commercial transport aircraft consist of rotors containing
many highly-swept blades, in stark contrast to the two- and four-bladed propellers that can be
seen on today’s general aviation aircraft. In addition, the aspect ratio (span/chord) of the prop-
fan blade is small by comparison with a conventional propeller. These features combine to
produce high values of solidity (chord/spacing) for the blading, especially in the lower portions
of the span. In these regions, blade-to-blade interference effects cannot be neglected, and in



effect, the flow field in this region bears closer resemblance to that in a turbomachine than to
that experienced by a conventional propeller.

Advances in computational fluid dynamics and in high speed computers in general have
led to the development of sophisticated computer codes for solving the nonviscous Euler
equations of fluid flow in three dimensions. The first of these to gain general acceptance in
the turbomachinery world was written by Denton (Reference 2.1.12). Since the appearance
of the original Denton code, many other solvers have appeared (for example, References
2.1.13 and 2.1.14), each offering subtle differences in the assumptions made, the grid
employed, and the computational scheme involved. Since viscosity is the only flow
phenomenon neglected in these codes, nonlinearities in the flow (such as shock waves) are
present in the solution. It was felt, at the start of the work described here, that the combina-
tion of a linear acoustic theory with blade loads obtained from a nonlinear aerodynamic solu-
tion would provide an excellent basis for prediction of the sound generated by a high speed
propfan of the type under consideration for high speed transport applications.

In addition, it was considered that results from a 3D (three-dimensional) flow solution
could be used to obtain the fluctuating pressure on a cylindrical surface surrounding the rotor.
This pressure could then be Fourier Transformed to provide near field noise levels. The main
disadvantage to using this technique was believed to be the amount of detail required to define
the flow field adequately. Fine detail requires a large number of grid points, with a
corresponding increase in computation time.

2.1.2 Model Development
2.1.2.1 Far Fleld Acoustic Model

Following the arguments outlined above, it was decided that the helicoidal coordinate
system developed by Hanson (Reference 2.1.11) would allow the easier input of blade
geometry in standard coordinates. Consequently, the following equation was taken as the
starting point for the program development (Reference 2.1.11, Equation 36).

P . . T n .
V‘n P, cozBs:.nG exp{mB(—z--E) fluz i (¢°+¢s)
-~ z 9 A r ©
PLm BR(D) (1 - Mx cosa)
-5ty (k)

mletr sin@ X
*JmB dz (2.1.2)

1 - Hx cosf C )



In this equation:
Pvm = volume displacement or thickness source,
PLm = steady loading (lift force) source,
8 = emission angle
ap = /(1 - Mx cos 8) where Q = rotational frequency in radians per second
r = observation distance

kx and ky are dimensionless chordwise wave numbers given by:

2mB B
K = D 't
X Mr (1 - cos8)
and (2.1.3)
2 -
. = 2mB BQ Mt cosf fig
y 4 Mr 1 - Hx cosf

Bp = chord/diameter ratio.

The parameters ¥v (kx) and L (kx) define the chordwise thickness and loading distribu-
tions in the frequency domain. They are given by:

+4 .
ik X
“‘v(kx)=f H(X) e * dax
and . (2.1.4)

e ik X
ok = f e *



and are Fourier Transforms of the chordwise normalized thickness and loading distributions,
respectively.

The phase shifts, s and ¢o, resulting from sweep and offset respectively, are given by:

. MCA
% = Mr (1 - Hx cosf) D

and (2.1.5)

2 -
2mB Hr cosf HE FA
¢o zﬂr 1 - Hx cosé@ D

MCA and FA, or midchord alignment and face alignment, are defined in Figure 1. They
describe the deviation of the blade section midchord from the helicoid swept out by the pitch
change axis.

It may be worth observing here that Hanson’s observation; namely, that the Hawkings and
Lowson theory can be recovered exactly from Equation 2.1.2 by setting the flight Mach
number, M, to zero; should be treated with caution. The factor ky above is used to split the
lift on the blade into the thrust and drag components employed by Hawkings and Lowson and,
essentially, uses the helicoidal vector diagram (Figure 1) to define the sine and cosine of the
angle pL. This relation should be preserved, and thus, the decomposition of the lift force into
its components should be carried out before My is set to zero.

An alternative method of establishing the relationship between the Hawkings and Lowson
theory and Equation 2.1.2 is to follow the approach suggested by Hawkings and Lowson in a
later paper (Reference 2.1.5). They observed that the effect of forward flight on the acoustics
of an open rotor is equivalent to deriving the equation for a stationary source, then increasing
the rotational speed by the factor (1- Mxcos e)'1 while simultaneously reducing the observation
distance (r) to r (1 - Mx cos 8). It should be noted that the reduction in observation distance
is applied to the amplitude terms only.

In the computer code delivered under this Contract, an alternative form for the chordwise
wave number ky has been included as an option. In this formulation:

) 2mB Bp My ( B, cosd (1 -chose))
Y™ (1 = M cos8) €08 Pp €05 My

where gp is the blade pitch angle and is defined in Figure 1.
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This expression uses the blade angle, gp, rather than the helicoidal angle, pL, to resolve
the lift on the blade section into its thrust and drag components and, generally, has been found
to give better agreement between prediction and data than is shown by the use of Equation
2.1.3.

2.1.2.2 Aerodynamic Model

In order to use Equation 2.1.2 to predict the tone noise generated by an open rotor, it is
necessary to define both the thickness distribution of the blading and also the lift on the blades
in both the chordwise and spanwise directions.

At the outset of this work, it was decided that, in view of the fact that high speed propfan
blading will experience relative Mach numbers in excess of unity leading to nonlinearities such
as shock waves in the flow, loading distributions generated by a 3D Euler equation flow solver
should be used.

The Euler equation (the Navier-Stokes equations, minus the viscous terms) can be written

as:
Dui aui aui ap_
PoT =Pa TPy TTax ' (2.1.6)

The general approach for soiving these equations in turbomachinery applications has been
to follow the time-marching technique of Denton. Since Denton’s original work, many
alternative computational schemes have been devised, but they are all designed for the basic
problem of axial turbomachinery; the flow is confined within an annular duct. In order to
extend these schemes to the case of highly swept propfan blading, two options are available.
First, an existing code may be adapted by removal of the casing boundary to a radius much
larger than that of the blade tip, to simulate an open rotor. Alternatively, the propfan analysis
may be considered as a problem in its own right, and the calculation procedure and computa-
tional grid developed to deal exclusively with open rotor geometries.

For the purposes of this study, one example of each type of code was available. The first,
developed at GE-CRD (GE Corporate Research and Development) is based on a code used
extensively within GE for turbomachinery applications. It employs a Jameson computational
algorithm (Reference 2.1.14) and is described in Reference 2.1.15. The second code,
designated NASPROP-E, was developed under contract from NASA Lewis Research Center
and is described in detail in References 2.1.16 and 2.1.17. An early version (circa 1983) of this
code was made available to GE at the start of this project; and it, together with the code
developed by GE-CRD was installed on a GEAE (GE Aircraft Engines) minicomputer. As
illustrated in Figures 2 and 3, the computational grids employed by the two codes are radically
different - it was felt that the results of exercising the two codes for the same propfan case
would be of interest.
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2.1.2.3 Blade-Loading Parameters

Blade chordwise loading is input as a normalized function fr. (X), (Equation 2.1.4). This
is defined as:

+3 .
ik X
wL(kx)=f £, (X) e * &«
"
Also (2.1.7)
y +5
Yy (o) =f £ (X) &X = 1.0

-%

Now; from the three-dimensional aerodynamic flow solver we can obtain a chordwise distribu-
tion of pressure differential Ap = pps - Pss as a function of x.

We thus have:

X
te
L' = f ap (x) dx (2.1.8)
X
le

Write the lift coefficient as

CL= L

1 2
Epovr c

where:
Vr = ao Mr

¢ = blade chord.
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Then

or

Hence,

Ap X)

1 2
7 PoY:CL

fL (X) =

(2.1.9)

(2.1.10)

The power absorbed by the rotor can be evaluated from the above as follows:

At each radial section,

'_l ' 2
L' =5P, V.o e (g

X 2
Zpour cC
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The lift direction relative to the direction of rotation is given by 6L (per sketch below).

zZMT

Sketch 2.1 (See Also Figure 1)

The torque per unit span is thus:
T = BrL' coseL
where,
B = number of blades
r = radius of section of interest.
The power is then given by:
tip

W= Qf Br L’ coseL dr
hub

tip
= 2 X
Q Br Mr 2 c CI. cosBL dr
hub
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. M, r .
If we write cosOg = R z=-, this becomes

1'tip
tip
-8 3 [
w-sypoBDTf (MerCLDT)zdz
hub

If it is assumed that Mx is a constant, and writing

B

=—T
HT 2a
[o]
this becomes:
tip
= 2 <.
W=77p, 3, DT HxHTBf M_ CLDTzdz (2.1.11)
hub

From the above, it can be seen that the results of the three-dimensional Euler computer
code can be employed in both the spanwise and chordwise directions, and this is the approach
followed in the code developed under this contract. However, it is also possible that, bearing
in mind the long term objective of the development of simplified analytical models for the
chordwise loading parameters, a hybrid approach could be adopted in which the normalized
chordwise loading distribution would be obtained from the aerodynamic flow solution as
described above, while the loading distribution in the spanwise direction would be input
separately.

Turbomachinery designers tend to describe blade loading in terms of “swirl”; the
component of tangential velocity in the absolute frame of reference. It is a measure of the
work put into the fluid. Propfan references, on the other hand, use “elemental power coeffi-
cient” in this context. These two are related as follows.

16



Power Coefficient:

where
P = power
n = Ips
Dt = diameter
p = density

Consider an element of fluid passing through the rotor. The work added to the elément is:
dP = d(aQ) = 0a(rCu)dm

where
Cu = Swirl

and .
dm = poVo(2wrdr)

Assume that, for a propeller, (rCy) in = 0.

Then,

dpP
ar p°V°27th2 G

The elemental power coefficient,

T = 33 Po Vo 2RCu" C,
Po
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Writing

UT=1rnD-r, and @ =

it can be shown that this equation reduces to:

ik,
~ ntz M, dz

¢)]
]

Q.

2%
nSzSJ dz

where J is the advance ratio.

o is referred to as a swirl coefficient; or, alternatively, a work coefficient. Itis input to the
noise prediction code and used to calculate section lift coefficients as follows.

Given

Xee
L = f Ap dx = K (Arcu) (2.1.15)
X1e

and

QA (rC,) = A (a,2M1Cy) ;
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and assuming zero inlet swirl as before, gives:

QA (rC,p) =2 2 M9 ;

and
! 2,2 2
L—'g prdﬁ_aozHT ®
c c Qc
0

Now:

K = 2n rpOVx Q

Qr B coseL

from the above, hence

' anr pOVx

D A — 2 2 2
c c Qr B cosGL z M‘1‘ %% ®

Ld

which yields, after some rearrangement,

L’ Y 2 HT Mr <] )

— T 13

cp o

where “g,” the solidity, is given by:

[a]
w

Q
[]]

N
o)
2}
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1
& 4 (x -L'—YZHTHE °
P p -cp = - (2.1.16)
o o o
and the lift coefficient,
L
C, = 7
L 5p°Vt
(2.1.17)
ZzHT 2]
=T oH

The lift coefficients used in the noise code in the evaluation of Equation 2.1.2 are obtained
as described above.

2.1.2.4 Near Field Acoustic Model

In the theoretical development leading to the formulation of Equation 2.1.2, the standard
far field approximation for R (the source-to-observer distance) was employed. This has the
effect of locating the sound source, for radiation purposes, at the center of the propeller disk
and is eminently reasonable when the observer is in the acoustic far field.

In the acoustic near field, however, this compact source assumption is less reasonable;
individual points on the blades can be considered as acoustic radiators in their own right. The
inclusion of exact source-to-distance terms in the theoretical derivation greatly increases the
complexity of the analysis, as can be seen in the fuselage diffraction/refraction formulation of
Section 2.3 hereof. '

At the outset of this program, it was felt that the “stationary phase” approach of Hawkings
and Lowson (Reference 2.1.2) could be employed in this regime. This result is an
approximation for large values of mB and is valid irrespective of the location of the observer.
It is thus applicable in the acoustic near field. The result shows that the main contribution to
the integrals over the blade surface comes from the vicinity of a so-called stationary point. In
this instance, this is given by:

20



where r; is the stationary radial location, @ is the azimuthal location of the source point, and
Ro is the distance from the center of rotation to the observer.

In addition, as an alternative approach, it was proposed that, since the aerodynamic Euler
code calculations essentially evaluate the pressure distribution on a cylindrical surface
surrounding the rotor, it should be possible to estimate the near field noise directly from the
flow solution. The main disadvantage to this approach is the necessity of obtaining a solution
with a sufficiently fine resolution in terms of grid density in the blade-to-blade direction. It
was felt, however, that with advances in supercomputers, obtaining these solutions in a
reasonable amount of computing time was not totally infeasible.

As a preliminary exercise, data/theory comparisons were made using the far field radia-
tion model already in the computer code. Results were encouraging, leading to the belief that
development of a sophisticated near field model was, perhaps, not as imperative a task as had
at first been envisaged.

It was, thus, decided to adopt the semiempirical approach used by Sulc, et al. (Reference
2.1.18) for conventional propellers; and to apply such modifications as seemed appropriate
with regard to current experience.

Sulg, et al. found that the near field noise of a conventional propeller can be predicted
reasonably well utilizing a far field formulation (such as, Gutin’s equation) if the source-to-
observer distance is replaced by the distance between the observer and an equivalent near
field source.

In the far field, the range is given by the distance from the observer to the center of rota-
tion of the propeller, Ro. The equivalent near field range is given in Reference 2.1.18 as:

Re = Ro-0.711
where
rp = tip radius.

Effectively, this is assuming that the propeller noise sources lie on the surface of a sphere,
centered at the center of the propeller, and having a radius of 0.7 ry.

However, it may be speculated that the effective source radius will be some function of
the source frequency (or wavelength) with the effective radius becoming smaller as the
frequency increases.

With this in mind, let us write:

A
R =R =KXK[|=—|r
e - (r.r)'l'
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where
» = wavelength of the sound source (propeller);

K = a constant whose value is to be determined.

Now:

where

Mt = tip Mach number.

If we follow Reference 2.1.18 and state that for a conventional four-bladed propeller with
a tip Mach number, MT, of 0.8, ,

%’iso.‘/
T

we have

0.7 mBMy 4.7 x 4 x 0.8
2n - 2n

=
[}

o
~3

Further, assuming that this “constant” is general,

- _0.7nm
Re = RO EBHT tT



This shows that as the frequency (represented by the number of blades and the harmonic
number m) increases, the effective source radius becomes smaller and the effective range

approaches the far field limit.

The effects of forward flight can be included by adopting the procedure described in
Reference 2.1.2. The frequency is multiplied by a factor

L
C ’
v
where
Cv=1-Mocos e
and
Mo is the flight Mach number

8e is the emission angle.

In addition, the source-to-observer distance, Re, is reduced by a factor Cy, resulting in

0.7nCv< r.r>
RCEC.v Ro 1l - mBM.r Cv Ro . (2.1.19)

On simplification, this shows that the “near field effect” can be expressed as:

R
~ _e
Adan =z - 20 loglo(cv R°> . (2.1.20)

For an 8-bladed rotor operating at a tip Mach number equal to the flight Mach number of
0.8, the near field corrections (calculated at a tip clearance of 0.8 times the diameter), range
from 1.23 dB at the first BPF (Blade Passing Frequency) harmonic to 0.23 dB at the fifth

harmonic.

It is felt that this approach is reasonable but that further study is required to determine
the “constant” K with a higher degree of confidence.
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2.1.3 Data/Theory Comparisons (Steady Loading and Thickness Model)

2.1.3.1 Aerodynamic

In the absence of detailed measurements of the aerodynamic flow field around a high
speed propfan, direct comparisons between the flows calculated by the three-dimensional
Euler codes and that achieved in real life are not feasible. An indirect comparison, showing
the spanwise variation of the elemental power coefficient, can be seen in Figure 4 which com-
pares data from Reference 2.1.19 with values obtained from the resuits of 3D Euler calcula-
tions of the flow field of the SR-3 propfan at its design point. Before hasty conclusions are
drawn from the comparison, it should be emphasized that at the time when these calculations
were made, both flow codes were at a relatively early stage in their development. Certain
anomalies which may be apparent in resuits presented here have since been corrected.

Examination of Figure 4 shows the two aerodynamic codes to have considerably higher
values of elemental power coefficient (especially toward the tip of the blade), than do the
measured data. An explanation for this is provided in Figure 5, wherein the same spanwise
information is plotted in the form of swirl coefficient. Both aerodynamic codes show finite
values of swirl at a z-value of unity, implying that the tip of the biade is carrying some load.
The conversion from swirl coefficient to elemental power coefficient is (from Section 2.1.2.3,

Equation 2.1.14)

2 1%
® =(n z J)dz

or, by rearrangement,

dC

—p _ m3233
dz 2 ’

From this it can be seen that small differences in swirl coefficient toward the tip of the
blade will produce (through the Factor z3) much larger discrepancies in dCp/dz than would be
observed for the same swirl coefficient differential located toward the hub region.

It was noted during this investigation that calculations of absorbed power by means of the
equations sketched out in Section 2.1.2.3 using the swirl coefficients obtained from the
aerodynamic flow codes did not necessarily produce results in agreement with measurements.
It was decided to assume that the predicted distribution represented the physics with regard
to shape, but the levels should be adjusted by a constant factor of SHPmeasured/SHPpredicted
for each case under consideration. The values of lift coefficient used to calculate the steady-
loading noise harmonics reflect this adjustment.
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The second input required from the aerodynamic solution is the normalized chordwise
load function f1(X), defined in Equation 2.1.10 as:

Ap(X)
1 L]

fL(X) = 2
i' povr CL

Figures 6 through 8 show examples of this function, which were calculated for the design
point of the SR-3 propfan by the two 3D Euler solvers available. The presence of two
NASPROP-E solutions reflects the utilization of a better estimate of blade geometry in the
solution used to generate Figure 7. It will be noted that, whereas, all three solutions give
chordwise distributions in the tip region that can be described as rectangular; toward the hub
there is a divergence from this pattern. This divergence is most pronounced in Figure 8,
generated from the GE in-house solution. Comparisons with later figures indicate that the
location and magnitude of the peaks in the loading distribution correspond to the location and
strength of the shock pattern computed on the blades by the two computer codes. In terms of
the blading acoustics, it would be anticipated that the rectangular distribution at the tip would
have greater significance than the distorted distribution at the hub.

Figures 9 through 12 show contours of relative Mach number on the surface of the SR-3
blade at its design point, as calculated by the two codes. These, together with Figures 13 and
14 (which demonstrate the contours in the hub blade-to-blade passage), go some way toward
explaining the differences in Figures 7 and 8. For example, the supersonic relative flow calcu-
lated by NASPROP-E in the hub passage is confined to two isolated “bubbles,” whereas in
the GE calculation, there is a region of supersonic flow extending across the blade passage. It
is the presence of these large regions of supersonic relative flow in the GE prediction that
gives rise to the distorted character of the normalized chordwise load distribution.

One further question concerning the available flow solutions surfaced during this
investigation. Because of the large amounts of computer time required to obtain a converged
solution from scratch, the standard operating procedure that was employed was to obtain a
converged solution at the design point of the propfan, and use this solution as the starting point
for the various “off-design” cases required. Figure 15 portrays the radial variation of the
circumferential average of static pressure along the grid lines corresponding to the leading and
trailing edges of the blading, and extending out into the region beyond the tip of the blades.
This solution is from the NASPROP-E program calculation of the SR-3 at its design point and
is regarded as a converged result. It will be noted that the limiting value is unity; this is a
function of the normalization system used in the code. The tip of the blades is denoted by the
R = 0.5 grid line. Figures 16 through 18 show equivalent plots for different values of helical
tip Mach number, all of which took the solution of Figure 15 as the starting point. These solu-
tions were all obtained for constant advance ratio J = 3.06, thus the change in helical tip Mach
number implies changes in axial and rotational Mach numbers to maintain the value of J. It
can be seen that, in the region outside the blades, the static pressure “gradient” from blade tip
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Figure 12. Contours of Mci on the Blade Pressure Surface - GE-CRD.

34



CONTOURS OF MREL ON BB SURFACE NUIBER
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Figure 13. Contours of M| on the Hub Blade-to-Blade Surface - NASPROP-E.
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to the boundary becomes more and more pronounced as the helical tip Mach number is
reduced. In contrast, the solution used to produce Figure 19 was run from scratch. Here, the
region outside the blades appears as uniform as that of Figure 15.

As a result of these figures, some doubts surfaced as to the validity of the utilization of
these solutions in the prediction of the noise generated by high speed turboprops. However,
it was determined that, since the region of acoustic interest was confined to the vicinity of the
propeller disk, and since all the quantities required were normalized by other parameters from
the same solution, the use of these results was justified.

It should be emphasized here that it is not the purpose of this report to criticize or to
express dissatisfaction with the flow solutions available at the time this work was performed.
These examples are provided as an illustration of the uncertainties involved in the acoustic
predictions used in the data/theory comparisons which follow.

2.1.3.2 Acoustic

Comparisons between measured and predicted tone results have been made for three
model propfans identified as SR-2, SR-3, and SR-6, respectively. These are illustrated in
Figure 20, which is taken from Reference 2.1.20. Further theoretical predictions have been
made for the SR-7L propfan as it performed on the Gulfstream airplane. These are described
in Section 3.0 of this report. As shown in Figure 20, SR-2 and SR-3 each have § blades; SR-6
has 10 blades. SR-2 resembles a conventional propeller in having an unswept planform;
SR-3 has high sweep and SR-6 falls somewhere between the other two.

Acoustic and performance data for these propfans were available from References 2.1.20,
2.1.21,2.1.23 and 2.1.24. All three model propfans were tested in the NASA Lewis Research
Center 8- by 6-foot transonic wind tunnel; in addition, data measured from the flights of the
SR-2 and SR-3 models on the Jetstar airplane were available from Reference 2.1.21. The
available data points are presented in Table 1.

Data/theory comparisons are presented in different formats in Figures 21 through 31.
Figures 21 through 24 compare prediction with data for the first six harmonics of BPF at various
observer angles; while in Figures 25 through 27, the variation of peak BPF tone SPL (sound
pressure level) with helical tip Mach number at approximately constant Cp (power coefficient)
and J (advance ratio) are shown. These comparisons are discussed in detail below, together
with possible causes of any discrepancy between predicted and measured levels.

Figure 21 compares measured and predicted levels for the SR-2 model propfan mounted
on the Jetstar aircraft. These data (from Reference 2.1.21) were obtained with both boom-
mounted and fuselage-mounted transducers. Both sets of data (boom and fuselage) were
taken at the same sideline distance. However, as aresult of the different transducer installation
geometries (namely, the difference in radius of the boom and fuselage), the levels measured
at equivalent angular locations on the boom and fuselage differed. Consequently, the decision
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SR-2 SR-3 SR-6

TIP SWEEP ANGLE, deg 0 5 40

PREDICTED DESICN EFF, % 76.6 L1 8L9

DIAMETER IN (cm) 24.5 (62.2) . 27.4 (69.5)

TIP SPEED, f/sec (misec) 800 (244) ——— 700 (213)

POWER LOADNG, PID2,  37.5 (301) . 30,0 (241)
hpifté (Wimé)

NOQ. OF BLADES 3 T 10

Design characteristics and pianforms of high speed propelier modeis.
(From Reference 2.1.20)

Figure 20. Design Characteristics and Planforms of Various High Speed Propeller
Models.

43



was made to make the comparisons under free field conditions; and thus, following Reference
2.1.22, 6 dB were subtracted from the fuselage levels and 4 dB from the boom levels to simu-
late the free field theoretical results.

Tabie 1. Data Used for Comparison with Theory.

Propfan | Reference Muy M, Cp J

SR-3 2.1.23 121 0.85 1.5 3.07
1.14 0.80 1.78 | 3.07
1.07 0.75 .79 | 3.05
1.00 0.70 1.84 | 3.06
0.863 0.60 1.89 | 3.05

SR-3 - 2124 1.21 0.85 1.53 | 3.05
1.14 0.80 1.71 | 3.06
1.08 0.75 1.79 | 3.06
1.00 0.70 1.89 | 3.06
0.93 0.65 191 | 3.06
0.86 0.60 1.91 | 3.06
SR-3 2.1.21 1.124 0.787 | 1.998 | 3.083
SR-2 2.1.23 1.21 0.85 1.89 | 3.07
SR-2 2.1.21 1.105 0.787 | 2.094 | 3.186
SR-6 2.1.20 1.222 0.85 1.02 | 3.06

Two sets of theoretical predictions are compared in Figure 21. This is a result of selections
made when the 3D Euler computer codes were being exercised. It was decided at that time
to exercise the code at a constant advance ratio (J), with varying values of helical tip Mach
‘number. In addition, the solutions were obtained for a single value of 83/4, the blade pitch
angle, for each blade design. This enabled the different flow solutions for each blade to be
obtained from a single computational grid. For the SR-2 propfan case (Figure 21), flow solu-
tions were obtained using the NASPROP-E code for a constant advance ratio of 3.06, with
helical tip Mach numbers of 0.86, 0.95, 1.00, 1.07, 1.15, and 1.20; and the blade pitch angle,
B3/4 of 58°. '

The particular data set plotted in Figure 21 came from a run where the advance ratio was
3.186, and the helical Mach number (MHT) was 1.105. It was decided to predict this case twice
using results from the MHT = 1.15 solution (Theory 1), and from the MuT = 1.07 solution
(Theory 2). Fuselage data were available for six angular locations, with data from the boom
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Variation of Peak BPF Tone SPL with Helical Tip Mach No.
for the SR-3 Model Propfan in the NASA Lewis Research Center
8ft x 6ft Wind Tunnel. Note: WTl = Ref 2.1.23; WT2 = Ref 2.1.24.
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Figure 25. Peak BPF Tone SPL Versus My, Data and Theory (SR-3) Under Free
Field Conditions.
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Variation of Peak BPF Tone SPL with Helical Tip Mach No.
for the SR~3 Model Propfan on the Jetstar Airplane
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Figure 26. Jetstar Peak BPF Tone SPL Versus Muy (SR-3) Free Field
Conditions, 30,000-feet Altitude.
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Variation of Peak BPF Tone SPL with Helical Tip Mach No.
for the SR-3 Model Propfan on the Jetstar and in the
Wind Tunnel
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Figure 27. Wind Tunnel and Jetstar Peak BPF Tone SPL Versus MHt
(SR-3) Wind Tunsoel Coaditioas, Free Field.
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above the propfan available for four of these. In general, the predictions agree better with the
boom data than with that from the fuselage. It is considered probable that, owing to the
presence of the boundary layer on the fuselage, the assumption of “flat plate™ pressure
doubling (that is, 6 dB) may be in error.

Agreement between the boom microphone data and both predictions is generally seen as
very good; in that, in most instances the two predictions are very close. At certain places,
however, such as at the third harmonic at 8 = 78.8, the predictions given by the two codes are
of the order of 10dB apart. Because in each case the thickness distribution is identical, this
disparity must come from differences in the calculated spanwise and chordwise loading dis-
tributions and their interaction with the thickness distribution.

Figure 22 shows a similar plot for the SR-3 model propfan in flight on the Jetstar aircraft.
For the SR-3, the same matrix of flow solutions was available with, in this instance, a blade
pitch angle of 61.3°. The Jetstar flight was made with a 83/4 of 58.9° and MHT of 1.124. For
this prediction, the flow solution obtained at MHT = 1.15 was used. Again, the measured data
were adjusted by subtracting 6 dB from the fuselage microphone values, and 4 dB from the
boom microphones (where available). Once again, the prediction agrees better with the boom
data than with the fuselage data, with a major difference being in the fundamental of BPF at
an observer angle of 69.4°. Here, the prediction is approximately 10 dB higher than the actual
measurement.

It is surprising that a discrepancy of this nature should be observed in the fundamental
BPF tone, especially when the other harmonics are in such good agreement. More reasonable
is the gradual “drift” between data and theory observed at 8 = 90.5° with increasing harmonic
number. It has been noted that the thickness component of the noise prediction tends to hold
the levels up with increasing harmonic number, especially near the plane-of-rotation.

In summary then, Figures 21 and 22 demonstrate good agreement with the boom
microphone data; while data from the fuselage-mounted microphones is consistently lower
than that measured on the boom, and also lower than the predicted values. This has been
ascribed to the effect of the boundary layer on the fuselage.

Figures 23 and 24 compare results obtained in the NASA Lewis Research Center tran-
sonic wind tunnel with predictions for the SR-2, SR-3, and SR-6 model propfans. These data
are taken from References 2.1.20, 2.1.23, and 2.1.24. The prediction program requires, as
input, local ambient conditions of temperature and pressure (in a wind tunnel environment,
this amounts to static temperature and pressure), and SHP. For these predictions, tunnel static
pressure was obtained from Reference 2.1.25, and the temperature and SHP were deduced
from the information in References 2.1.20, 2.1.23, and 2.1.24.

No flow solutions were available for the SR-6 propfan, owing to problems with the
NASPROP-E code. Approximations to the spanwise and chordwise loading distributions for
this propfan were made using data from Reference 2.1.26 for the spanwise variation and a
simple rectangle for the chordwise distribution. It is recognized that these approximations are
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less than ideal and will probably account for at least some discrepancies between measured
and predicted results. The data used for these comparisons were obtained with pressure
transducers mounted in bleed holes in the ceiling of a perforated-wall wind tunnel working
section. Where necessary, they have been adjusted to account for a 6 dB error discovered at
a later date and reported in Reference 2.1.27. Again, the comparisons are made under free
field conditions.

Figures 23 and 24 compare measured and predicted spectra at observer angles of 110° and
130°, respectively, at a wind tunnel Mach number of 0.85, giving a helical tip Mach number of
1.21, at different power coefficients for the three propfan models. The agreement for SR-2
and SR-3, while not as good as that obtained with the boom microphones on the Jetstar, is
reasonable. Possibly for the reasons stated above, it is less good for the SR-6 comparison.

A frequently employed form of presentation (for example, References 2.1.20 through
2.1.24) is to plot the variation in peak Blade Passing Frequency SPL as a function of the blade
helical tip Mach number, Myr, at constant advance ratio, J. Figures 25 through 27
demonstrate this variation for the SR-3 propfan as tested in the NASA Lewis Research Center
8- by 6-foot transonic wind tunnel and on the Jetstar airplane. In all cases, the theoretical
predictions presented in these figures were made under the measurement conditions (but free
field), and such adjustments as were made (with the exception of conversion to free field) were
applied to both sets of information.

A major difference between the data gathered in the wind tunnel and that obtained on the
Jetstar is found in the ambient pressure at which the measurements were made. Jetstar data
were primarily taken at 30,000-feet altitude, with constant ambient pressure. In the wind
tunnel, a change in tunnel Mach number is accompanied by a corresponding change in static
(acoustic ambient) pressure; consequently, the tone levels shown in Figure 25 have been
adjusted using o

SPL(plot) = SPL -20*logig(Pamb/Pref)
where Pref = 11.11 psi, the tunnel static pressure at Mg = 0.8.

Likewise, in Figure 26, with the exception of the points at MHT = 0.751, all the data were
taken at constant altitude (30,000 feet) and, hence, constant pressure. The values measured
at MHT = 0.751 were adjusted to reflect the change from 20,000 to 30,000 feet. Additionally,
the boom data were adjusted to free field by subtracting 4 dB, as before; while 6 dB were
subtracted from the fuselage readings. Finally, Figure 27 combines Jetstar and wind tunnel
data and predictions (for this figure, the wind tunnel conditions of Figure 25 were taken as
standard). Two adjustments were applied to the Jetstar data of Figure 26; namely:

1. From4.364 -—-> 11.111 psi... + 8.12 dB (ambient pressure)
2. From2.65 -—> 4.01 feet.... =.3.60 dB (measurement distance)
Total adjustment = + 4.52 dB.
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Examination of these figures shows that the measured and predicted values of Figure 25
are in good agreement, up to a tip helical Mach number of about 1.1. Beyond this point, the
predicted levels continue to increase with increasing tip helical Mach number, but the
measured data appear to level off. This flattening of the curve is not seen in the Jetstar data
(Figures 26 and 27), wherein the boom data can be seen to be in good agreement with the
(wind tunnel) predictions, but the fuselage microphones show a consistently lower level.

In Reference 2.1.28, Dittmar reexamined the SR-2 and SR-3 data from the wind tunnel
and Jetstar. He concluded that whereas both exhibited a tendency for the peak SPL in the
blade passing frequency tone to remain constant at high helical tip Mach numbers; the flat-
tening out occurred earlier with the SR-2 than with the SR-3. The SR-3 propfan was used for
the present study because of the availability of a greater number of flow solutions. However,
the agreement between data and theory as illustrated in Figures 21, 23, and 24 for the SR-2
propfan is such as to suggest that the theoretical prediction would exhibit the same trend as
the data for this unswept planform.

In conclusion, these results show that the approach of combining nonlinear aerodynamics
with linear acoustics has led to good agreement with data acquired with the boom microphones
on the Jetstar for both the SR-2 and SR-3 model propfans. Of the three measurement “envi-
ronments” available, the boom microphones most closely model the free field assumed in the
theory. Data from the Jetstar fuselage is thought to be affected by the fuselage boundary layer
(Reference 2.1.22), and the different trends with increasing helical tip Mach number observed
on the Jetstar and in the wind tunnel are confusing. The SR-6 results shown suggest that the
assumptions made as to spanwise and chordwise loading distributions, although reasonable,
were not as good a representation of the flow field on the blading as that obtained from the
Euler solutions for SR-3 and SR-2. The agreement for the SR-3 and SR-2 propfans suggests
that the worries expressed over the degree of convergence of the flow solution outside the
blading were unfounded, and also that flow solutions obtained at operating conditions that are
not identical to those under which acoustic data were taken can still provide useful and valid
input to an acoustic calculation.

The predicted results used in the above-described data/theory comparisons were obtained
from a far field, frequency-domain, acoustic model with a semiempirical adjustment to take
near field effects into consideration. A second approach to this problem is discussed briefly
in Reference 2.1.28 and in Section 2.1.1.2 of this report, and is given here in more detail. The
basic premise is that, since the three-dimensional flow solution describes the blade-to-blade
pressure field in a frame-of-reference (locked to the rotor), by allowing this field to rotate, the
time-varying pressure perceived by an observer is obtained. This can then be Fourier analyzed
to obtain the acoustic near field.

A NASPROP-E solution of the design point case (Mo = 0.8, MuT = 1.15) of the SR-3
propfan with 24,750 grid points (21 in the blade-to-blade direction) was utilized to investigate
the feasibility of the use of 3D Euler flow solutions in the prediction of the acoustic near field
of a high speed propfan.
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A projection of the first meridional surface was used to establish the radial and axial loca-
tions at which the calculation should be performed. These were selected to coincide with the
angular positions of the microphones in the NASA 8- by 6-foot wind tunnel test (Reference
2.1.23). The selected positions are identified in Figure 28.

For the current investigation, a Fourier analysis of the rotating pressure field was con-
ducted at two values of (R/Rutip) for each angular position under consideration (75°, 90°, 100°,
and 110°); namely R/Rdp = 1.0, in all cases, and R/Rip = 2.7965, except at 75°, where the
second calculation was performed at R/Reip = 2.18. At each location, the computed pressure
distribution in the blade-to-blade direction was interpolated to 101 points and Fourier
analyzed to extract the harmonic content. Adjustments were made to these results to account
for differences in static pressure between the wind tunnel and computational conditions, and
differences between the computed and measured power coefficients under which the propfan
was operating. The computed results were then extrapolated out to the sideline distance at
which the measurements were made, using a simple 1/r“ law.

Figures 29 through 32 compare these data with the results obtained as described above.
The data used for comparison were obtained from Reference 2.1.23 and have been adjusted
to free field conditions (-6 dB), and corrected for an error ( + 6 dB) discovered after the original
report was published (Reference 2.1.27). These corrected results are best examined in light
of Figure 28, which gives some indication of how the computational grid used may influence
the calculation.

At 75° there is only one data point for comparison (Figure 29). The fundamentals of BPF
calculated at the two radii are in close agreement, but are approximately 10 dB below the
measured value. Higher harmonics fall off more rapidly at the greater radius. Consideration
of Figure 28 shows that at R/Riip = 1, the 75° ray is in a region where the axial grid is in tran-
sition from the coarse spacing used over the leading edge of the nacelle, to the much finer
spacing used on the blade. At R/Rp = 2.18, the grid is considerably coarser. It appears that
the pressure field in both locations is affected by the grid, with the greater refinement of the
points nearest the blade contributing to the slower falloff with increasing harmonic number.

Similar arguments can be applied at 90° (Figure 30). An apparently very good agreement
of the fundamental BPF measured with that calculated at the tip radius is evident. The falloff
of the calculated harmonics suggests that greater resolution is required in the blade-to-blade
direction.

At 100°, the story appears somewhat different (Figure 31). Here the values calculated
using the nearer radius are actually higher than the measured data, while the fundamental BPF
calculated from the further radius is in very good agreement with measurement. This is
believed to be due to the fact that at R/Rep = 1.0, the calculation is performed at the physi-
cal tip of the blade. It is believed that there is a genuine near-field effect in this calculation,
whose rapid decay rate is not accounted for by the simple distance rule applied to the calculated
values.
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At 110° (Figure 32), the grid at the outer radius is extremely coarse. This is believed to
be the reason for the very low values calculated. At the inner radius, on the other hand, agree-
ment with data is obtained for the first three harmonics of BPF. This is also the angle at which
the highest levels of noise were measured, so agreement between data and theory here is
encouraging. Again, the degree of agreement in the higher harmonics is thought to be grid-
dependent.

In view of the difficulties involved in interpreting these predictions without the benefit of
measured data, and bearing in mind the added computational time and cost of obtaining
solutions with a sufficient number of grid points in the blade-to-blade direction to guarantee
adequate resolution for the acoustic calculation, this approach was abandoned until such time
as available computers are found to have decreased in cost and increased in speed; each by an
order of magnitude.

2.1.4 Conclusions

The following conclusions were drawn:

e A far field, frequency domain, noncompact source, linear acoustic model has been
developed and programmed to predict the steady loading and thickness com-
ponents of the noise generated by a high speed single rotation propfan.

e This model has been combined with loading distributions obtained from three-
dimensional nonlinear aerodynamic Euler code flow solutions to predict the noise
generated by two different model propfans, both in flight and in the wind tunnel;
simplified loading distributions have been used to predict the noise from a third
propfan.

e Comparisons between measured and predicted data show, on the whole, good
agreement; differences between data and theory are of the same order as differ-
ences between data sets.

o The results show that nonconvergence of the flow solution in the region outside
the blading does not necessarily compromise the acoustic calculation.

e The use of flow solutions directly in the calculation of near-field noise requires
greater grid resolution than is practical at this point in time.

2.2 Installation Effects on Single Rotation Propeller Noise
2.2.1 Introduction

The objective of this study was to develop an approximate, analytical model to compute
the additional noise produced by a single rotation propeller as a result of installation effects.
The three installation effects considered herein are: the angle-of-attack (defined as the angle
between the freestream and the propeller axis), the effect of wing-induced flow, and the effect
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of flow induced by an axisymmetric body of revolution representing the fuselage. The calcu-
lation procedure is as follows.

First, the steady loading and thickness noise of the propeller is calculated. Next, the non-
uniform axial and tangential flow fields induced at the propeller plane are developed for the
three installation effects to be evaluated. Quasi-steady propeller aerodynamic theory is used
to compute the induced unsteady axial and tangential forces on the propeller due to these non-
uniform flow fields. In order to better account for unsteady effects, a phase lag deduced from
linearized, two-dimensional, compressible, flat plate gust response theory is used in conjunc-
tion with the quasi-steady analysis to estimate the unsteady forces, which are then utilized in
conjunction with an acoustic analysis to derive the far field noise.

The noise field due to installation effects has been found experimentally to be distinctly
nonaxially symmetric (with respect to the propeller axis), and hence, the phase between the
noise field due to steady loading (and thickness) and that due to unsteady loading must be

accounted for.

The following material is discussed in four categories:

e Calculation of nonuniform flow fields due to angle-of-attack, wing loading, and an
axisymmetric body of revolution representing the fuselage

e Unsteady force calculation

e Acoustic calculation linking the far field noise due to unsteady loading, steady load-
ing, and thickness

e Data/theory comparisons.
2.2.2 Calculation of Nonuniform Flow Fields
2.2.2.1 Angle-of-Attack

This source of nonuniformity is obviously explicitly calculable and yields the simple result
that, with the coordinate system shown in Figure 33, for small angles-of-attack (a) such that
cosa ~ 1, the angle-of-attack induces a tangential velocity perturbation (v):

v = Usinacosé
where U, a, and ¢ are defined in Figure 33.
2.2.2.2 Wing Loading

The flow field due to wing loading is calculated according to a model discussed in Article
12.4 of Reference 2.2.1. In this model, the flow field is associated with an airfoil of span 2s’
(with 2s denoting the true wing span) with constant circulation K and the associated trailing
vortex system (the reader is referred to Figure 93 of Reference 2.2.1).
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i
Forward Looking Aft

Figure 33. Definition Sketch of Angle-of-Attack and i'-cb Coordinate System.

For an airfoil with elliptic loading, (s'/s ) can be shown to be (=/4), and, given the lift
coefficient and aspect ratio of the wing (CL, AR), we can calculate K by:

- 4 U
K= cL ~ 5 2R (2.2.2)

Knowing K and s', the full expression for the three-dimensional flow field due to the above
horseshoe vortex system is given on Pages 158 and 159 of Reference 2.2.1. These expressions
are used to calculate the induced axial and tangential velocities in terms of radial location, r,
and azimuthal angle, ¢. Apart from CL, and s, an input to such a calculation (in addition to r,
and ¢) is the location of the center of the propeller disk relative to the wing.

2.2.2.3 Fiow Field Due to an Axisymmetric Body of Revoiution

The axisymmetric body of revolution chosen is a Rankine solid (Reference 2.2.2). This is
the closed streamline shape generated by superposition of a uniform flow (U), a point source
and sink (of strength “m”) separated by a distance “2a” in the direction of the stream. If the
total length of the body is “2],” and its maximum radius “h”, then m and a are determined by
the solution of:

4alm = U(12-a2)2 (2.2.3)

4ma Uh2 | h2-a2 (2.2.4)

Thus, knowing the total length of the body and a slenderness ratio parameter (such as
“h/1”), its flow field can be computed. Finally, the chosen body of revolution must be located
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relative to the wing. This can be accomplished, for example, by specifying the location of the
forward stagnation point of the body relative to the wing.

2.2.2.4 Total Flow Field

Given the above analytical expressions for the three sources of nonuniform flow, the resul-
tant flow field is computed at several fixed radii as a function of azimuthal angle, ¢, in the
propeller disk plane (Figure 34). At each fixed radius, the axial and tangential nonuniform
velocity components are developed in a Fourier series in ¢ of the form:

N

Z a, cos ( k(¢-¢k))

k=1

”N” is chosen typically as 7 or 8. This Fourier decomposition is carried out numerically using
an FFT (Fast Fourier Transform) algorithm.

S\

Figure 34. Circles Around Which Fourier Analysis of u, v Distortions is Carried Out.

2.2.3 Unsteady Force Calculation
2.2.3.1 Quasi-Steady Formulation

Letu(r, =), v(r, 4) denote externally contributed nonuniform axial and tangential velocities
incident on the plane of the propeller disk. “u” is taken positive in the downstream direction
and “v” is taken positive in the direction of propeller rotation.

If “R” denotes the tip radius of the propeller disk and “Ry” the hub radius, u and v are
defined forRh s r2 R,and 0 < ¢ 2 27.

64



At any radius, the quasi-steady forces (thrust and tangential force) are obtained in the
functional form:

F = 0?f(\)

where “0” denotes the propeller rotational velocity in radians per second, and “\” the speed
ratio “U/QR,” where U is the advance velocity of the propeller.

The change in the force, F, due to u and v can be obtained as follows.

In the quasi-steady approximation, changes in 0 and A due to u and v, will be:

6Q=-

u v
A <U+Qr>

The resulting change in F can be written:

"<

6 A

§F = 20£(A)6Q + Q2 (g{) A

[ @) 50 5

Thus, if u, v are nondimensionalized by introducing:

r o= Yo d v = %
U Tor W = MR
we have:
I 3F\ R ., , ®F ,
6F = (ZF*/\—aA)rv +—8/\u

The quasi-steady theory is needed to obtain F and aF/ax .

Now, aF/ax can be approximated by a central difference formula:

3F _ E(Ate) - F(A-e)
9A 2¢

“%

where “¢” is a small increment.

It can be seen that the theory is thus only required to obtain the force F for arbitrary z
since 3 F/ax can be approximated by numerical differentiation as outlined above.
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The theory needed to compute both axial and tangential forces is based on that of Glauert
as presented in Reference 2.2.3. The formulation is based on incompressible flow theory and
the inputs needed are: relative radius (r/R) of interest, solidity (chord/transverse spacing) at
this radius of interest, number of blades, specification of the section lift and drag coefficients
as functions of angle-of-attack (including the orientation of the reference line with reference
to which the angle-of-attack is specified), and the speed ratio, » = U/a R. The version used
for the work described herein incorporates the Prandtl tip loss factor. (There is a misprint in
the development in Reference 2.2.3 - Equations 5.5 and 5.6 of Chapter VII - accounting for
the tip loss factor. This misprint is also pointed out by E.E. Larrabee in SAE Paper 790585.)
The essence of the analysis is the solution of two simuitaneous nonlinear algebraic equations
(for the so-called axial and tangential interference factors.)

2.2.3.2 Phase Lag Effects

The quasi-steady theory discussed above is felt to be the most appropriate for the large-
scale low-frequency distortions resulting from the installation geometries addressed in Section
2.2.2. It is accepted that, in a quasi-steady theory, phase lag or lead effects are not accounted
for. On the other hand, features of the problem related to the fact that a propeller (possibly
with a large number of blades) is involved are recognized. To improve the accounting for
unsteady aerodynamic effects, phase lag (or lead) effects have been included in the develop-
ment, based on a two-dimensional, linearized, compressible flow gust response theory. The
expressions used are those of Goldstein (Reference 2.2.4). At any given radius, if the rotor
angular velocity is 0, the relative velocity Vr is taken as:

VU +a%?,

and the relative Mach number, Mr, is just the same quantity divided by the ambient speed of
sound. The reduced frequency, ax, is 2 function of the Fourier component of the relevant non-
uniform velocxty and can be written: ok = knc/2Vr where “c” is the propeller blade chord at
radius “r.” Defining a parameter, p, as okMr/(1-Mr)?, Goldstein’s Equation 3.71 of Reference
2.2.4is used if p is less than unity, and M < 1. Otherwise Equation 3.70 of the same reference
is used. It should be emphasized that, in the present study, only the phase lag (that is, the argu-
ment of the complex numbers in Equations 3.70 or 3.71 of Reference 2.2.4) is deduced from
the linearized, two-dimensional gust response theory. The amplitude employed is computed
from quasi-steady theory. The data/theory comparisons of Section 2.2.5 show the effects of
including phase lag in the calculations.

2.2.4 Acoustic Calculation

In the work described herein, the acoustic source distributions are assumed to be acous-
tically compact in the chordwise direction. In other words, a line source model is employed.
Attime “t = (,” let the location of this line source be as shown in Figure 35, and let the sweep
be as shown in Figure 36. Thus, “a1(r)” and “ax(r)" define the radial lean and axial sweep of
the blades. The following results were derived for the purposes of this work by the use of axial
Fourier transforms and the method of stationary phase, but they are in agreement with results

66



Figure 35. Deflnition Sketch for Radial Lean. .

——J Ax (r)
"2

—= Z (Downstream)

Figure 36. Deflnition Sketch for Axial Sweep.
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given by Hawkings and Lowson (Reference 2.2.5) and Hanson (Reference 2.2.6), and hence,
only the final result of the analysis is shown.

The contribution to “po” from the blade element lying between “r” and “r +dr” is given
by:

dp inB2Q nBQr sin @
dro = IRe (I-H.Fcose) JtnB [ c (I-Hrcose)]

. nBOt
o [ [FE52580) 0 0 ) t -

£, cosé :chO jnBp cﬂ?iz_ ] (2.2.5)
(1-Mp cos8) Qr ( 1-Mpcosd)

In Equation 2.2.5, the far field noise is expressed in terms of R, 8 (the coordinates of the
observer relative to the “retarded” propeller disk location.) The relationship between these
coordinates and Re, 6c (the coordinates of the observer relative to the current propeller disk
location) is shown in Figures 37 and 38. In Equation 2.2.5, wherever two signs appear, the
upper sign refers to counterclockwise rotor rotation, and the lower sign to clockwise rotation
(forward looking aft).

Now consider the noise due to unsteady loading. Let the unsteady loading per blade per
unit spanwise length in a frame of reference fixed with a rotating blade be expressed in the
form:

[ J
Unsteady z component = k§1 fzk cos (kQt) (2.2.6)
and
o
Unsteady ¢ component = 2 .. cos(kt) (2.2.7)
k=1 ok

Both fz and f¢k are positive functions of “r.” Also, let Bz(r) and pek(r) denote the
azimuthal angles in the coordinate system of Flgure 33 where these unsteady components
achieve their maximum positive values. Then, unsteady loading noise from blade elements
lying between “r” and “r +dr” contributes to the far field pressure a quantity dpk/dr, given by
the sum of:

(5 ). = (32
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U - - Z (Downstream)

Figure 37. Definition Sketch for 8.

Figure 38. Current and Retarded Coordinates.
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where

<§ika+= AuRc(iggigose) : itnB+k) [Efﬁggiiifgy_]

o [ 1) - 5]

(I-Hrcosﬁ ) 2

[ exp (~jkB_, ) £, cos® - c exp (-jkp Ok)flk(nB.*:k) 2.2.8)
(1M cose) aBQr
and
Py _ inB20 P nBQrsind
dr )~ 4nRc (1-Mpcos®) (#nB-k) | c(1-Mcos8 )
) . | E(R*Axcos8) . n\ - nROt
exp [J ["(leu—}.'_;o:ﬁ + (£ nB-k) (¢ i} '2') * wBa, (r) = 1-M;cos8) ”
exp (jkB k) fzkcose _ ¢ exp (jkﬁ¢k) f K | _
[ (I-H;Cosej- + 2B Or Bk (nB # k) (2.2.9)

The total far field acoustic pressure can now be computed as:

@ ®
r dp dp dp
e (2T (T (e
k=1 k=1

where rh and r¢ denote ihe inner and outer radii of the propeller disk, respectively, and where
“p” is a complex number whose amplitude gives the amplitude of the far field pressure in the
nth harmonic of blade passing frequency.

The above formulation could, perhaps, be expressed more concisely with more extensive
use of complex notation. However, it was felt that it was preferable to restrict consideration
to positive n and k and, also, to consider both clockwise and counterclockwise rotating
propellers. These interests, and the desire to be accurate concerning phase relations, have led
to the above formulations. One minor addition has been made to the above equation.

The existence of unsteady thickness noise has been recognized for the following reason.
The thickness noise arises from a source term related to the product of the relative velocity
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incident on a blade section and its thickness. Since this relative velocity varies in magnitude
around the propeller disk, unsteady thickness noise can arise. Consequently, this source has
been taken into account in the computer program associated with this work.

2.2.5 Comparisons Between Data and Predictions

Data/theory comparisons have principally been carried out using data from Reference
2.2.7. Only angle-of-attack effects have been examined in this case. Predictions have also been
made for the SR-3 propeller data of Reference 2.2.8. Assumptions made in order to perform
the comparisons are noted below:

e Blade section lift and drag coefficients (versus angle-of-attack) were calculated
from performance maps given for the SR-2 model propeller in Reference 2.2.9,
and for the SR-3 model propeller in Reference 2.2.10. Model propeller blade
geometry information was also obtained from these sources.

e The SR-2 noise data of Reference 2.2.7 were obtained at both an 8° and 10° angle-
of-attack. The theoretical calculations were performed at an angle-of-attack of 9°.
In addition, the SR-2 tested acoustically and described in Reference 2.2.7 differs
from that utilized for the performance evaluation of Reference 2.2.9; in that, due
to power limitations, a four-bladed configuration was used for the acoustic data
acquisition, rather than the eight-bladed configuration of Reference 2.2.9. It was
assumed that this change did not affect the behavior of the lift and drag versus
angle-of-attack characteristics.

e The representative airfoil thickness was taken as one-fourth the maximum thick-
ness at a given radial location.

o The measurement angles quoted in the acoustic data are taken to observe angles
as shown in Figure 38. This neglects shear layer corrections in the data of
Reference 2.2.7 (which should be small in view of the low axial velocities of the
freejet).

e Because the phase lag formulae discussed earlier apply only to convected two-
dimensional gusts, their use in the present context could be challenged. There-
fore, results are presented both with and without the use of such phase lag.

Comparisons for the SR-2 low tip speed case are contained in Figures 39 through 47. These
comparisons are rather encouraging (especially in the case of Figures 46 and 47), with regard
to the data scatter. The SR-2 high tip speed comparisons are also encouraging (Figures 48
through 56), although clearly both the measured and predicted effects of angle-of-attack are
small and hence the comparisons are somewhat inconclusive.

Some theoretical calculations relevant to the data reported in Reference 2.2.8 are shown
in Figures 57 through 59. Figure 59 is interesting in that it shows that, if the phase lag in the
force response is neglected, the theoretical predictions are in accord with the comments in
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Figure 39. Four-Bladed SR-2, 443-fps Tip Speed, 100-fps Forward Flight Speed, Fundamental Blade
Passing Frequency Noise. Acoustic Data Source is Reference 2.2.7, Symbois are Measured
Data, and Full Line is Theoretical Prediction. Noise at Zero Angle-of-Attack Versus 0 at

3S.inch Radius from Center of Propelier.
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Figure 40. Four-Bladed SR-2, 443-fps Tip Speed, 100-fps Forward Flight Speed, Fundamental Blade
Passing Frequency Noise. Acoustic Data Source is Reference 2.2.7, Symbols are Measured
Data, and Full Line is Theoretical Prediction. Increase/Decrease of Noise Due to 9° Angle-of-
Attack (Relative to Zero Angie-of-Attack) Versus 8. ¢ = 0°, Phase Lag in Force Response
Neglected in Theoretical Prediction.
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Figure 41. Four-Bladed SR-2, 443-fps Tip Speed, 100-fps Forward Flight Speed, Fundamental Blade
Passing Frequency Noise. Acoustic Data Source is Reference 2.2.7, Symbols are Measured
Data, and Full Line is Theoretical Prediction. Increase/Decrease of Noise Due to 9° Angle-
of-Attack (Relative to Zero Angle-of-Attack) Versus 6. ¢ = 0°, Phase Lag in Force Response
Included in Theoretical Prediction.
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Figure 42. Four-Bladed SR-2, 443-fps Tip Speed, 100-fps Forward Flight Speed, Fundamental Blade
Passing Frequency Noise, Acoustic Data Source is Reference 2.2.7, Symbols are Measured
Data, and Full Line is Theoretical Prediction. Increase/Decrease of Noise Due to 9° Angle-
of-Attack (Relative to Zero Angle-of-Attack) Versus 0. ¢ = 90°, Phase Lag in Force Response
Neglected in Theoretical Prediction.
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Figure 43. Four-Bladed SR-2, 443-fps Tip Speed, 100-fps Forward Flight Speed, Fundamental Blade
Passing Frequency Noise. Acoustic Data Source is Reference 22.7, Symbols are Measured
Data, and Full Line is Theoretical Prediction. Increase/Decrease of Noise Due to 9° Angle-
of-Attack (Relative to Zero Angle-of-Attack) Versus 6. ¢ = 90°, Phase Lag in Force Response

Inciuded in Theoretical Prediction.
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Figure 44. Four-Bladed SR-2, 443-fps Tip Speed, 100-fps Forward Flight Speed, Fundamental Blade
Passing Frequency Noise. Acoustic Data Source is Reference 2.2.7, Symbols are Measured
Data, and Full Line is Theoretical Prediction. Increase/Decrease of Noise Due to 9° Angle-of-
Attack (Relative to Zero Angle-of-Attack) Versus 6. ¢ = 270°, Phase Lag in Force Response
Neglected in Theoretical Prediction.
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Figure 45. Four-Bladed SR-2, 443-fps Tip Speed, 100-fps Forward Flight Speed, Fundamental Blade
Passing Frequency Noise. Acoustic Data Source is Reference 2.2.7, Symbols are Measured
Data, and Full Line is Theoretical Prediction. Increase/Decrease of Noise Due to 9° Angle-of-
Attack (Relative to Zero Angle-of-Attack) Versus 6. ¢ = 270°, Phase Lag in Force Response
Included in Theoretical Prediction.
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Figure 46. Four-Bladed SR-2, 443-fps Tip Speed, 100-fps Forward Flight Speed, Fundamental Blade
Passing Frequency Noise. Acoustic Data Source is Reference 2.2.7, Symbols are Measured
Data, and Full Line is Theoretical Prediction. Increase/Decrease of Noise Due to 9° Angle-of-
Attack (Relative to Zero Angle-of-Attack) Versus ¢, 8 = 90° Phase Lag in Force Response
Neglected in Theoretical Prediction.
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Figure 47. Four-Bladed SR-2, 443-fps Tip Speed, 100-fps Forward Flight Speed, Fundamental Blade
Passing Frequency Noise. Acoustic Data Source is Reference 2.2.7, Symbols are Measured
Data, and Full Line is Theoretical Prediction. Increase/Decrease of Noise Due to 9° Angle-of-
Attack (Relative to Zero Angle-of-Attack) Versus ¢, 8 = 90°, Phase Lag in Force Response

Included in Theoretical Prediction.
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Figure 48. Four-Bladed SR-2, 745-fps Tip Speed, 100-fps Forward Flight Speed, Fundamental
Blade Passing Frequency Noise. Acoustic Data Source is Reference 2.2.7, Symbeols are
Measured Data, and Fuil Line is Theoretical Prediction. Noise at Zero Angle-of-Attack
Versus 0 at 35-inch Radins from Center of Propeller.
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Figure 49. Four-Bladed SR-2, 745-fps Tip Speed, 100-fps Forward Flight Speed, Fundamental Blade
Passing Frequency Noise. Acoustic Data Source is Reference 2.2.7, Symbols are Measured
Data, and Full Line is Theoretical Prediction. Increase/Decrease of Noise Due to 9° Angle-of-
Attack (Relative to Zero Angle-of-Attack) Versus 6. ¢ = 0°, Phase Lag in Force Response is
Neglected in Theoretical Prediction.
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Figure 50. Four-Bladed SR-2, 745-fps Tip Speed, 100-fps Forward Flight Speed, Fundamental Blade
Passing Frequency Noise. Acoustic Data Source is Reference 2.2.7, Symbols are Measured
Data, and Full Line is Theoretical Prediction. Increase/Decrease of Noise Due to 9° Angle-of-
Attack (Relative to Zero Angle-of-Attack) Versus 0. ¢ = 0°, Phase Lag in Force Response is
Included in Theoretical Prediction.
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Figure 51. Four-Bladed SR-2, 745-fps Tip Speed, 100-fps Forward Flight Speed, Fundamental Blade

Passing Frequency Noise. Acoustic Data Source is Reference 2.2.7, Symbols are Measured
Data, and Full Line is Theoretical Prediction. Increase/Decrease of Noise Due to 9° Angle-of-
Attack (Relative to Zero Angle-of-Attack) Versus 0. $ = 90°, Phase Lag in Force Response is
Neglected in Theoretical Prediction.
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Figure 52. Four-Bladed SR-2, 745-fps Tip Speed, 100-fps Forward Flight Speed, Fundamental Blade

Passing Frequency Noise. Acoustic Data Source is Reference 2.2.7, Symbols are Measured
Data, and Full Line is Theoretical Prediction. Increase/Decrease of Noise Due to 9° Angie-of-
Attack (Relative to Zero Angle-of-Attack) Versus 0. $ = 90°, Phase Lag in Force Response is
Included in Theoretical Prediction.
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Figure 53. Four-Bladed SR-2, 745-fps Tip Speed, 100-fps Forward Flight Speed, Fundamental Blade
Passing Frequency Noise. Acoustic Data Source is Reference 2.2.7, Symbois are Measured
Data, and Full Line is Theoretical Prediction. Increase/Decrease of Noise Due to 9° Angle-of-
Attack (Relative to Zero Angle-of-Attack) Versus 0. ¢ = 270° Phase Lag in Force Response is
Neglected in Theoretical Prediction.
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Figure 54. Four-Bladed SR-2, 745-fps Tip Speed, 100-{ps Forward Flight Speed, Fundamental Blade
Passing Frequency Noise, Acoustic Data Source is Reference 2.2.7, Symbols are Measured
Data, and Full Line is Theoretical Prediction. Increase/Decrease of Noise Due to 9° Angle-of-
Attack (Relative to Zero Angle-of-Attack) Versus 6. ¢ = 270°, Phase Lag in Force Response
is Included in Theoretical Prediction.
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Figure 56.

¢

Four-Bladed SR-2, 745-fps Tip Speed, 100-fps Forward Flight Speed, Fundamental Blade
Passing Frequency Noise. Acoustic Data Source is Reference 2.2.7, Symbols are Measured
Data, and Full Line is Theoretical Prediction. Increase/Decrease of Noise Due to 9° Angle-of-
Attack (Relative to Zero Angle-of-Attack) Versus ¢, § = 90° Phase Lag in Force Response
is Neglected in Theoretical Prediction.
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Four-Bladed SR-2, 745-fps Tip Speed, 100-fps Forward Flight Speed, Fundamental Blade
Passing Frequency Noise. Acoustic Data Source is Reference 2.2.7, Symbois are Measured
Data, and Full Line is Theoretical Prediction. Increase/Decrease of Noise Due to 9° Angle-of-
Attack (Relative to Zero Angle-of-Attack) Versus ¢, 8 = 90°, Phase Lag in Force Response
is Included in Theoretical Prediction.
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Figure 57. SR-3 Propeller, Forward Flight Mach Number = 0.8, Advance Ratio J = 3.06.
Theoretical Predictions for Increase/Decrease of Noise Due to 4° Angle-of-Attack
(Relative to Zero Angle-of-Attack) Shown by Symbols. Open Symbols are for ¢ = 0°
(North Wall of Reference 2.2.8), and Closed Symbols are for ¢ = 180 ° (South Wall of
Reference 22.8). Phase Lag in Force Response Neglected in Theoretical Prediction.
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Figure 58. SR-3 Propeller, Forward Flight Mach Number = 0.8, Advance Ratio J = 3.06.
Theoretical Predictions for Increase/Decrease of Noise Due to 4° Angle-of-Attack
(Relative to Zero Angle-of-Attack) Shown by Symbols. Open Symbols are for
¢ = 0° (North Wall of Reference 2.2.8), and Closed Symbols are for ¢ = 180° (South
Wall of Reference 22.8). Phase Lag in Force Response Neglected in Theoretical
Prediction. Sweep of SR-3 Propeiler Artifically Suppressed.
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Figure 59. SR-3 Propeller, Forward Flight Mach Number = 0.8, Advance Ratio J = 3.06. Theoretical
Predictions for Increase/Decrease of Noise Due to 4° Angle-of-Attack (Relative to Zero Angle-
of-Attack) Shown by Symbols. Open Symbols are for ¢ = 0° (North Wall of Reference 2.2.8)
and Closed Symbols are for ¢ = 180° (South Wall of Reference 2.2.8). Phase Lag in Force
Response Included in Theoretical Prediction.
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Reference 2.2.8; namely, that due to angle-of-attack, the north wall data consistently showed
an increase in noise greater than that seen on the south wall (which sometimes showed a noise

decrease).

It should be noted that the results presented in Figures 57 through 59 are plotted against
“observer” rather than “emitted” angles. (The large forward flight Mach number of 0.8 leads
to significant differences between current and retarded coordinates). Figure 58 shows that, if
we artificially neglect the large sweep of the SR-3 propeller, the north-south wall asymmetry
is predicted to disappear. A comment at the end of Reference 2.2.8 attributes the observed
asymmetry in noise to such sweep, and the comparison of Figures 57 and 58 supports this view.
Figure 59 shows that inclusion of a phase lag formula for convected two-dimensional gusts
apparently gives an asymmetry exactly the reverse of that seen in Figure 57. This also is
contrary to the data reported in Reference 2.2.8.

2.2.6 Concluding Remarks

The data/theory comparisons of Figures 39 through 56 are believed to constitute a some-
what stringent evaluation in that, essentially, differences in decibels due to angle-of-attack at
specific microphone locations are being compared. These differences were obtained from
measured, tabulated data which (in the case of Figures 39 through 56) were kindly supplied
by the author of Reference 2.2.7. Less stringent tests would involve some smoothed version
of the data, perhaps the examination of absolute levels in the form of contour plots, rather
than specific differences due to angle-of-attack at precise microphone locations.

As illustrated (Figures 39 through 59), the areas of discrepancy are, by and large, confined
to angles close to the propeller axis. Agreement between data and prediction improves
significantly around the plane of rotation. Comparison between propeller noise prediction
and data at angular locations close to the axis of rotation is always somewhat difficult, due to
the low levels of noise present at such locations. The data shown in Figures 46 and 55 are of
special interest, because there is some redundancy in the data shown here, and hence, some
idea can be gained of the degree of data scatter. The results depicted in Figures 57 and 59
definitely support a conclusion that a phase lag formula deduced from two-dimensional,
convected gust response theory for flat plate airfoils should not be used at this time.

It is recommended that the present analysis, without the above-mentioned phase lag term,
be used to determine the installation effect on single rotation propeller noise. The result of
such an exercise should be useful, particularly for angles around the plane of rotation.

2.3 Scattering ot Propeller Noise by Aircraft Fuselage and Wings
2.3.1 Introduction

When free-field predictions of propeller noise are compared to measured flight and/or
wind tunnel data, it is recognized that transducers installed on fuselage surfaces, or on wind
tunnel walls do not record free-field acoustic radiation levels (see, for example, References
2.3.1and 2.3.2). Several corrections become necessary in order to account for various forms
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of acoustic scattering, such as reflection, refraction, and diffraction. Quantitative estimates of
these effects are necessary, not only for comparison of predicted and measured propeller noise,
but also for assessing the possible advantages in engine placement relative to fuselage and wing
surfaces. Further, the nature of the sound field and its spatial distribution on and around the
fuselage is of great relevance in the design of fuselage structures for minimizing sound trans-
mission into the cabin.

The next subsection presents the nature of the problem, with respect to reflection, refrac-
tion, and diffraction. This is followed (in Section 2.3.2) by a detailed discussion of the analysis
of propeller noise scattering by a cylindrical fuselage. The incident field is represented by pairs
of helical waves emitted upstream and downstream of the propeller disk. The frequencies of
the emitted field are determined by the harmonics of propeller blade passing frequency, and
the associated spinning mode numbers are equal to the number of propeller blades multiplied
by the relevant harmonic number. The radial dependence of the sound field is represented
by cylindrical Hankel functions of order equal to the spinning mode number. Scattering calcu-
lations are made for the fundamental and two higher harmonics of the blade passing frequency.
Results are presented to show the increase and decrease of the sound field on and around the
fuselage surface relative to the incident field as a function of relevant parameters.

2.3.1.1 Nature of the Problem with Respect to Reflection, Refraction,
and Diffraction

2.3.1.1.1 Reflection

a. Rigid Flat Surface - When a plane wave in an ambient homogeneous medium is
incident upon a flat rigid surface of infinite extent, it will be reflected with a reflec-
tion coefficient of unity and in phase with the incident field. The combined field
results in a pressure doubling; that is, 2 6 dB increase relative to the incident field.
This pressure doubling is independent of the angle of incidence, except at grazing
incidence.

b. Nonrigid Flat Surface - Under the same conditions as a rigid flat surface (except
that the surface is now being replaced by a locally reacting, nonrigid surface), the
amplitude and phase of the reflection coefficient now become dependent, not only
on the surface admittance, but also on the angle of incidence. The amplitude of
the combined field (incident plus reflected) is no longer double that of the inci-
dent field; it is lower. The reduction relative to 6 dB depends on the amplitude
and phase of the reflected field.

c. Rigid Curved Surface - Consider a condition similar to (a) above (except that the
surface is no longer flat, but is rather curved in the form of a cylindrical fuselage).
Acoustic focusing or defocusing may now be expected. If the surface is curved away
from the side where the incident sound is coming from (that is, convex), defocusing
produces a surface sound pressure increase of less than 6dB. Such a defocusing
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effect was measured by Hubbard (Reference 2.3.3) and is recommended by the
SAE for estimating reflection from a circular wall.

In addition to the defocusing effect, this configuration will also have an acoustic
shadow region away from the side where the sound field is incident. In fact, sound
can reach the shadow region as a result of diffraction. The actual level on the
fuselage surface in the shadow region depends on the frequency, being lower for
higher nondimensional frequencies based on the fuselage radius.

d. Nonrigid Curved Surface - Further changes of surface sound pressure levels are
expected relative to case (c) where the surface was rigid.

The main purpose of this brief survey of reflection, or scattering, is to emphasize that the
sound pressure level perceived on the surface is a function of the impedance perceived by the
incident field. Quantitative estimates of the effects discussed in Items (c) and (d) above may
be made using cylindrical scattering analysis. These will be discussed in more detail later and
extended to include refraction effects.

2.3.1.1.2 Refraction

a. Rigid Flat Surface with an Attached Boundary Layer - In such a case, an incident
sound field is refracted (there is a change in the direction of propagation relative
to that of the incident field) in the boundary layer before being reflected by the
rigid surface as illustrated in Figure 60. Below a certain angle of incidence (the
so-called critical angle), the incident field may be so refracted that reflection takes
place in the shear layer above the rigid surface.

In such an instance, the rigid surface is shielded from the incident field, and diffrac-
tion analysis must be used to estimate the sound field reaching the rigid surface.

Such an analysis has been carried out in 2D by Hanson (Reference 2.3.1), McAninch
(Reference 2.3.4) and Mungur (Reference 2.3.5). Hanson studied the refraction effect for a
flight configuration using a single and muitiple shear layer over a rigid surface. McAninch
analyzed the refraction in a wind tunnel configuration. Mungur studied both the flight and the
wind tunnel configurations by numerically integrating a reduced form of the acoustic wave
equation in the presence of a sheared flow and then matching the incident and reflected fields
just outside the shear layer. This is equivalent to determining reflection from a surface at the
edge of the shear layer whose admittance is equal to the numerically transferred admittance
across the boundray layer of the rigid surface below the boundary layer.

Figures 61 and 62 summarize results of the 2D analysis, for both the flight and the wind
tunnel configurations. That significant boundary layer shielding can occur for upstream
incidence is the main conclusion reached by all three investigators (Hanson, McAninch, and
Mungur).
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Modeling that comes closer to the case of the scattering of propeller noise by a fuselage
is a 3D scattering problem in the presence of flow and fuselage boundary layer. Hanson
(Reference 2.3.6) has studied this case in some detail and shown some significant differences
relative to the 2D model discussed earlier. This 3D scattering problem is the main subject of
this work and is discussed in more detail in the next section.

2.3.2 Scattering of Propeiler Noise by a Cylindrical Fuselage

Consider a propeller of radius Rp and center S (source) mounted on one side of a fuselage
of radius Rf at a distance Rl from the fuselage center as shown in Figures 63 and 64.

P=Pd+ps
F

S
| — — IFF — ————— — T
' p R, |
s P
RFF = i
| !
| —
| | 1 RCL
b
! | Re |
l !
z e - FUSELAGE CENTRE LINE - - 01 2

Figure 63. Fuselage Scattering of Propeller Noise.

At an arbitrary field point F, the sound field consists of the sum of a direct field P4 and a
scattered field Ps. Both the direct and the scattered fields have characteristic directivities
which are functions of the frequency and other parameters which are defined later.

Estimates of the amplitude, directivity, and phase of the scattered field relative to an
incident field, Pinc, are made using acoustic diffraction analysis. Geometric ray theory is not
adequate, due to the wavelength being of the order of the scattering dimension.

Of equal importance is the sound pressure level distribution on the surface of the fuselage,
not only in the plane where the propeller is located, but also away from it and all around the
fuselage, including shadow regions.

As indicated in Section 2.3.1, the combined sound pressure level depends not only on the
amplitude of the incident and of the scattered fields, but also on their relative phase. This rela-
tive phase is a function of the fuselage surface impedance and the acoustic properties of the
medium in which the sound is incident and scattered. For a rigid fuselage in a homogeneous,

89



Propeller Incident
/ Sound
~— Field

AR

Fuselage

Boundary
Layer

\

Flight Mach \\\
Number Ho ~ o

Fuselage Surface

ARNY
)] N

Propeller Incident
Sound Wave ::;::ary

Thickness

Figure 64. Dlustration of Scattering of Propeller Emitted Sound Field by a Cylindrical Fuselage with
Attached Boundary Layer in Forward Flight.
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the scattered field on the source side of the fuselage is nearly in phase with the incident field,
so that the combined field is increased in amplitude. Similarly, as may be expected, in the
shadow region on the fuselage surface away from the source, the scattered field is nearly in
antiphase with the incident field. Consequently, the combined field is lower than the incident
field, thus, producing the so-called shadow region.

For a rigid fuselage with an attached boundary layer, both the amplitude and the phase of
the scattered field relative to the incident field will be modified, resulting in a modified
combined field, relative to the case with no attached boundary layer. In the analysis that
follows, the boundary layer is treated as part of the fuselage, with a modified acoustic surface
admittance; in other words, the fuselage surface would not appear rigid to the incident field.
The estimation of this modified acoustic surface admittance would be part of the scattering
analysis.

In this study, reflection, refraction, convection, and diffraction are all part of the scatter-
ing analysis used. The main objective is to estimate delta -dB (the increase or decrease of the
pressure field on the surface of the fuselage relative to the free field, that is, the incident field
that would have been there in the absence of the fuselage). As will be shown, several
parameters influence the delta -dB.

2.3.2.1 The Governing Wave Equation

The sound field emitted from the propeller and incident on the fuselage, and the resulting
scattered field, must satisfy an appropriate governing wave equation.

For amean flow field that is not uniform, such as that in the boundary layer of a cylindrical
fuselage in flight (Figure 65); the appropriate governing wave equation may be written in the
form:

- 39U dv 1 D2p
2 AN  SE— - —— =
VP + 20 3R 3z co2 pez = O (2.3.1
where

v = three-dimensional Laplacian in cylindrical coordinates,

D _ vative = & + U &
bt - convected derivative = 3¢ + U 52

U = axial component of the mean flow, which is a function of the radial coordinate R.

gg = Mean radial shear and is also a function of the radial coordinate.

v = radial component of the unsteady flow associated with the sound field.
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Figure 65. Flight Configuration.

A solution for Equation 2.3.1 may be expressed as:

P(R,0,2,w) = ZAq(w) F, R,k e dk, 2miag+jut (2.3.2)
q

where Fq (R, kz) must satisfy a reduced form of Equation 2.3.1; namely,

where:
ko = wlCo
K = kzko
M = Uleo
and

q = aninteger 0, =1, =2, . . .

Each term of Equation 2.3.2 represents a cylindrical wave spinning around the fuselage,
propagating downstream or upstream (depending on the sign of the wave-vector k;), and
radiating radially away from the surface of the fuselage.
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In flight, outside the boundary layer, the Mach number, M, becomes zero, and the shear
term, dM/dR, vanishes as illustrated in Figure 65. In this case, outside the boundary layer,
Equation 2.3.3 simplifies to a more familiar differential wave equation which may be satisfied
by a Hankel function, so that Fq(R,kz) in Equation 2.3.2 may be replaced by:

Fq(R,kz) = Hq(kRR) (2.3.4)

in which kr and kz are interrelated by the dispersion equation obtainable from Equation 2.3.3
in the form:

2 2 = 12 = 12 - 2 (2.3.5)
k2 + k2= k% = k2 (1-4 K)
By definition, the wave-vector, k, is associated with the direction of propagation of the
wave-field. The axial and radial components of the wave-vector, k, are given by:

k
z

k cos © (2.3.6)

and
k

R = ksin® (2.3.7)

where 6 is the direction of radiation along which the wave-vector k is aligned.

In flight, as shown in Figure 65, the acoustic medium outside the fuselage boundary layer
is stationary. From Equation 2.3.5, with Mo set to zero,

Ikl = Ik | = (/c,)

However, because the source is moving with Mach number Mo, the frequency perceived
by a fixed observer outside the fuselage boundary layer is Doppler shifted; thus,

w
k= e (2.3.8)
(1+H° cos 8) <,
hence,
ko
kz=§cose=mcos6
and
ko
kR=ks1n6=(—l'+—r§—m—e-)-sme



It should be noted that the angle o is the angle of emission as shown in Figure 65. Itis related
to the geometric visual angle oy in the form,

8 = Gv - sin~? (Ho sin Gv) (2.3.9)

2.3.2.2 Scattering Analysis

Having defined the governing wave-equation and the forms that the sound field may take
outside the boundary layer, we may now refer to Figures 63 and 64 and write down some formal
solutions.

The sound field at an arbitrary field point F at location (R,4,z,0), relative to a cylindrical
coordinate coincident with the fuselage axis, may be written as:

P(R,¢,z,w) = P,(R,6,z,w) + P_ (R,0,2,w) (2.3.10)

where Pg refers to the direct field emitted from the propeller source, and Ps refers to the field
scattered by the fuselage surface as a resuit of an incident field Pinc. If the field point is on the
fuselage surface, then the direct field and the incident field are coincident. The next objec-
tive is to evaluate the scattered field Ps in terms of the incident field Pinc. The analysis must
be carried out in the frequency domain, because diffraction and scattering (including refrac-
tion) are frequency dependent phenomena.

2.3.2.2.1 The Scattered Field

Outside the boundary layer, as discussed in Section 2.3.2.1, the scattered field may be
expressed in terms of cylindrical harmonics of yet undetermined amplitudes Aq(w) in the form:

P, R,z = D, A, (@ H, (kgR) 5P (2.3.11)

q=-—.

where

Hq(krR) = cylindrical Hankel function of integral order and of the second
kind (outgoing waves)

kR = |kl sin @

k = |ki cos 8

z ~

k = propagation wave-vector = kO/(1+Hocose)
ko = (w/co)
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The amplitudes of Aq of the scattered field as expressed in Equation 2.3.11 must now be
evaluated in terms of the incident field Pinc as shown in Figure 63. This incident field is that
emitted from the propeller noise source S at angle 8s and is a function of the propeller geometry
and operating conditions.

23.22.2 The Incident Field
A spectral component of the sound emitted from a B-bladed propeller may be expressed
in cylindrical harmonics of known or specifiable amplitudes in the form:
Pe (',0; ".¢",0,) = D, (0,8, Hy, (kgR") & ¥ I+ (2.3.12)

where:
n = harmonic integer of the propeller blade passing frequency
m=nB "
wn = ConBMvyRp
co = adiabatic speed of sound
Rp = propeller radius
M = propeller tip circumferential Mach number
kr = |k| sine'e
kz = |k| cose’e
k| = |ko|/(1+Mocos 6%¢)
Dn(wn,0’e) = spectral directivity of the emitted field
Hm ( ) = cylindrical Hankel function of order m.

In the above expression for the emitted sound field (r', 8¢, 4') are spherical polar coordi-
nates relative to an axis through the propeller center, and (R’, ¢/, z') are cylindrical coordinates
also relative to the propeller center, withz' = 1’ cos 8.

To express the scattered field of Equation 2.3.11 in terms of this incident field and
boundary conditions on the surface of the fuselage (expressed in terms of a fuselage surface
admittance), it is more convenient to express the incident field in coordinates coincident with
the fuselage axis. It may be pointed out that the incident field is the same as the emitted field.
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Each spectral component of the incident field, as expressed by each term of Equation
2.3.12, may be expanded in terms of the (R, z, ¢) coordinates coincident with the fuselage and
expressed in the following form (Reference 2.3.7):

(,...) =D (w,8 ") eI¥% H (g R eI
(2.3.13)

@®
. -'k -j£¢
D, (0,8, 3" Y7 B, (g Ry) 300 ¢
==

where:
4 = aninteger
Rc1 = the distance between fuselage center line and propeller center
The relationship between (R, ¢, z) and (R’, ¢, z') is shown in Figure 66.

Equation 2.3.13 expresses the propeller-emitted sound field in the form of multiple
cylindrical waves converging onto the cylindrical fuselage. The axial wave number kz of the
incident wave is the same in either representation, with kz = k cos ¢'.

23223 Bonndai‘y Condition at the Fuselage Surface in the Absence of a Boundary Layer

The scattered field Ps in Equations 2.3.10 or 2.3.11 associated with each spectral com-
ponent of the incident field as expressed by Equation 2.3.13 may now be evaluated by
subjecting the combined field (incident plus scattered) to pertinent boundary conditions at or
near the fuselage surface. This may be specified as follows:

In the absence of a boundary layer and no mean flow:

at R = Ry, the fuselage radius,

P, vp

P = -Ap(Rp)

(2.3.14)

where:
P = Pinc + Ps of Equations 2.3.13 and 2.3.11,
p and ¢, = mean density of the medium and adiabatic speed of sound, respectively,
vr = radial component of velocity associated with combined sound field P,
and

A r(RF) = fuselage surface acoustic admittance.
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The radial component of the velocity field, vg, may be expressed in terms of the radial
derivative of the combined pressure field, using the linearized momentum equation:

T3

a = - =
P Vg = jko (2.3.15)

Substituting Equations 2.3.15, 2.3.11, and 2.3.13 into Equation 2.3.14, one may obtain the
following:

ZAqH’q( )ei? 4D, (%)ZLHNQ( ) I ) e (2.3.16)
q

=zq:A}. A HO) e 399 . Dn(mn)§: AcH () J,0) e"i20
where:
Ho ()= ot (H, O}
, _ d
Jg( )-E-R'{Jl( )}

and the argument in H'q, J;z’ HqandJ, iskrRF, and thatinHm +¢ is kgrReal.

From the orthogonality of e9® ang 329, Equation 2.3.16 may be simplified and
rearranged in the form:

AqH'y () =-8gDy () Hrpyy () I, ( ) ¥y (2.3.17)

where

y s {1 = Agd,( )/J:g( )}
q2 ~ {1 - AFHq( )/H q( )i

(2.3.18)

and
5 . = Kronecker delta
ql
= lwhenq = 2

= Owhenq = 2.
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Equation 2.3.17 allows the scattered amplitude, Ag, to be expressed in terms of the
amplitude Dn (wn) of the spectral component of the incident field. It may be pointed out that
if the fuselage surface is rigid, the fuselage surface admittance becomes zero, and y a2 in
Equation 2.3.17 becomes unity.

In this case,
Aq = -Dn(wn) Hmn+q()J' q( )H' q() (2.3.19)

If the fuselage surface is not rigid, then both the amplitude and phase of the scattered
amplitude are modified relative to that of a rigid fuselage.

In evaluating the Bessel and Hankel functions, Jg () and Hq( ) and their derivatives, it
may be recalled that the argument common to all is kRRF. In an ambient medium, this may
be specified as koRFsing;j, where 6; is the angle the incident field makes with respect to the
propeller axis.

Equation 2.3.17 will be used to reconstruct Equations 2.3.10 and 2.3.11 in terms of the
incident field amplitude. This part of the analysis is deferred until after a discussion of the
boundary layer effect.

23.22.4 Effect of the Presence of a Fuselage Boundary Layer on the Boundary
Conditions

The boundary condition at the fuselage surface as expressed by Equation 2.3.14 is still
valid. However, the pressure fields as expressed by Equations 2.3.11 and 2.3.12 are valid only
outside the boundary layer and, therefore, cannot be applied at the fuselage surface.

To overcome this problem, the boundary condition is applied at the outer edge of the
boundary layer, using an acoustic transferred admittance instead of the actual fuselage surface
admittance. Such a transferred acoustic admittance is obtained by numerically integrating the
applicable governing wave-equation; namely Equation 2.3.3, from the fuselage surface to the
edge of the boundary layer. A fourth order Runge-Kutta integration scheme is used. Such a
scheme requires subdividing the integration region (for our application, the boundary layer
thickness) into several points, and evaluating the coefficients of the governing equation at and
between each of these points. Details of such an application are given in Reference 2.3.8. In
summary, the pressure field and its radial derivative at the outer edge of the boundary layer
(Rf+35) may be expressed as:

Ll

where P and P are the pressuyre field and its radial derivative at the fuselage surface, respec-
tively. [T]isa2 x 2 transfer matrix obtained by the numerical integration of Equation 2.3.3
expressed in the form:

(2.3.20)
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- [20

where ' refers to the derivative with respect to R, and where a and b are the coefficients of F
and dF/dR of Equation 2.3.3.

Evaluation of the transfer functions [T] requires evaluation of the coefficients of Equation
2.3.3 from point-to-point across the boundary layer. Consequently, the velocity profile; the
Mach number, My; the spinning integer number, q (0, =1, £2,...); and (kz/ko), or the angle
of incidence, must be specified. Thus, Equation 2.3.2 may be evaluated at each specified loca-
tion on the fuselage relative to the propeller plane.

At the edge of the boundary layer, the following boundary condition is imposed:

B = B (2.3.21)
P R _+6-¢ P R _+6+¢ :
. £ f

e -0

In evaluating (P'/P) at Rf + §-¢, Equation 2.3.20 is used; and in evaluating (P'/P) at
Rf+3+e, Equations 2.3.11 and 2.3.13 are used. Thus, from Equation 2.3.20,

p T2y + Tzz(P'/P)R

! f

( ") = 7 S (2.3.22)
F) pooee ~ T T TRlFT R,

and (P’ /P)Rrf is replaced by -jko4F(RF) from Equations 2.3.15 and 2.3.15.

Equation 2.3.22 is a measure of the fuselage surface transferred admittance and may be
denoted as -At.

Using Equation 2.3.2, expressions similar to Equations 2.3.16 and 2.3.17 are obtained with
A replacing AF.

The development in this section atlows the use of classical scattering analysis to include
boundary layer refraction effects.

23.2.2.5 Evaluation of the Sound Pressure Level on the Fuselage Surface

The sound pressure field on the fluid surface just outside the fuselage boundary layer is
the sum of the incident and of the scattered fields. Using Equation 2.3.13 for the incident field
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and Equation 2.3.11 (rearranged somewhat) for the scattered field, the sound pressure level
at this surface (Rf+ s, ) may be written in the form,

P(R;+6,0,k,,w) =D (w,,0.) ¢ %% ¥ H_, (R ) Jj(a) &
2
(2.3.23)

+§ Aq Hc‘l (a){Hq(a)/ u; (a)} e ia0-ik,2

where
a = kp(Rf + 8),

and the summations on £ and q are theoretically from -» to + =, but will be truncated due to
the convergence of the series with increasing order.

Equation 2.3.17 allows the amplitude and phase of Aq H'q (2) to be expressed in terms of
the incident amplitude Dn(wn,8¢) and of the fuselage surface transferred admittance. If this is
done, then Equation 2.3.23 becomes:

= -jk
P(Rf+6,¢,kz,co,,) =D (w,8,) e’z
(2.3.24)

z -320 Hy(a)
. [2 Haeg®) e {3 ) - 3 7) n AORT §

where
b =krRa
a = kr(Rf+3)
Yy = Yos of Equation 2.3.18 withq = 9...

and kg = ksiné has been discussed previously and is defined in Equation 2.3.7 or 2.3.7a.

Equation 2.3.24 represents the principal result of the acoustic analysis accounting for the
modification to an incident field (of the wave emitted from a propeller) by the scattering due
to a cylindrical fuselage in the presence of convection, refraction, and diffraction.

Since the result is more conveniently expressed in terms of an increase or decrease relative

to the incident field, the directivity term Dn(wn,8) does not need to be specified; itis canceled
by the normalization process.
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To obtain the acoustic pressure field on the surface of the fuselage, Equation 2.3.24 is used
in conjunction with the pressure component of Equations 2.3.20 or 2.3.22 relating pressure

fields at (Rf + 8) and at R¢. Thus,

P(R+6,2) ={Ty; + T12 (p'/P)Rf} P(R.,2) (2.3.25)

Let P(Rg)/P(R¢+ 5) be denoted by PWOBL( 2 ) for each of the spinning modes £, where

PWOBL(Z) = 1/{1‘1: + Ty2(R'/P)g } (2.3.26)
f

and is evaluated numerically when integrating Equation 2.3.20b.

The pressure field on the fuselage surface may now be written as:

PR) = & P(R,2) = I P(R;+5,2) PWOBL(2) (2.3.27)
2 2

where P(Rg+5, £) is the expression in Equation 2.3.24 inside the sign corresponding to
summation over £.

2.3.3 Computed Resuits

A computer program has been developed to evaluate the sound pressure field on the
fuselage surface and on the surface at the outer edge of the fuselage boundary layer, as
expressed by Equations 2.3.26 and 2.3.27.

Numerical results have been computed to show the various effects of scattering by a
fuselage and its attached boundary layer. As mentioned in Section 2.3.1.1, such scattering
includes effects of reflection, refraction, and diffraction. These effects are functions of various
geometric, aerodynamic, and operational parameters. Figures 66 and 67 will facilitate inter-
pretation of some of the parameters used in presenting the results.

Unless indicated otherwise, most of the results have been evaluated for an 8-bladed
propeller rotating at a rotor tip Mach number of 0.8, with a fuselage/propeller radius ratio of
unity, and zero propeller tip clearance. The fuselage surface is assumed to be rigid. The mean
velocity profile in the boundary layer corresponds to a Blasius profile on a flat plate.

2.3.3.1 Reflection and Ditfraction in the Absence of Mean Flow

As aprelude to the presentation of results, Figure 68 has been chosen to show some salient
features of reflection and diffraction. Two polar plots are presented demonstrating azimuthal
distributions on and around the fuselage surface of the incident field and of the combined
incident + scattered field, for sound emitted and incident at 90° to the propeller axis. The
azimuthal angle is measured at the fuselage center relative to the line joining the propeller
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center and the fuselage center as shown in the inset and in Figure 66. The incident field is
normalized to that at ¢ = 0, and is actually evaluated as 20 10g10 { Pinc (Rf,¢)/Pinc (Rf, 0)}. The
deviation from 0 dB represents the decay of the emitted field from the propeller with distance
and may differ from the inverse square law due to near field decay.

40° 60° 80° 900 1000 1200 1409
INCIIENT +\§CATTEREXFIELD -
' ~
N
0 INKID \ 160°
\
1%
s
L
2
00 [ - ) 180°
+10 a8 0 -10 4B = - U 2 +b a8
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|
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/
N /
v
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Figure 68. Relative Scund Pressure Level Distributioa in dB on the Surface of a Rigid Fuselage
Arising from the Scattering of an Incident Field Emitted from an 8-Bladed Propeller
Operating at a Tip Mach No. of 0.7.

The other plot, denoted as incident + scattered fields, is the corresponding SPL distribu-
tion on the fuselage surface and is relative to the local incident field at the same location. The
0 dB circle is a reference level. Levels above 0 dB correspond to amplification, or in-phase
reflection; levels below 0 dB correspond to attenuation or shadowing as a result of out-of-
phase reflection (scattering).
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Several features may be observed and commented on:

e There are two distinct regions on the fuselage surface where the SPL is above and
below the 0 dB circle. In the region 93° > ¢ > -123° the scattered field construc-
tively interferes with the incident field to produce levels above 0 dB. In the region
93° < ¢ < -123°, a shadow zone is present where the scattered field interferes
destructively with the incident field, producing relative levels below 0 dB.

For this case of fuselage radius equal to propeller radius and zero propeller tip
clearance, the geometric shadow should be 60° < ¢ < -60°. Within the shadow
region, the SPL varies azimuthally producing “hard” and “soft” shadows which
correspond to the well-known Fresnel diffraction.

The depth of the shadow zone and the number of peaks and valleys within it are
functions of the propeller frequency, biade number, and fuselage radius (not shown
in the figure).

e A second important observation is that the fuselage SPL distribution is not
symmetrical about the line joining the propeller and fuselage centers. The peak
relative SPL for the case considered is around ¢ = -40. This asymmetry is due to
the fact that the incident field is that emitted from an 8-bladed propeller rotating
in a counterclockwise direction. This asymmetric feature has also been observed
by Hanson (Reference 2.3.6).

e The peak SPL on the fuselage surface at ¢ = 0is less than 6 dB, relative to the inci-
dent field, supporting the experimental results of Hubbard et al. (Reference 2.3.3)
that reflection from curved surfaces does not produce pressure doubling. In fact,
near pressure doubling (5.8 dB instead of 6 dB) occurs at ¢ = 320° = (-40°).

2.3.3.2 Influence of Fuselage Curvature

Figure 69 shows the azimuthal distribution of the combined incident and scattered fields
(normalized by the local incident field) for two fuselage-to-propeller radius ratios, namely
(R#Rp) = 1and 2. .

The other relevant parameters that are common to both distributions are:

e Blade number = 8
e Blade tip Mach number = 0.8
e No mean flow.

The main points of observation are:

o The relative SPL at ¢ = 0 increases from 5.0 to 5.4 dB as (Ri/Rp) increases from
1to2
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e The peak relative SPL is 5.8 dB at ¢ = 335°
e The shadow region is larger and deeper for the higher radius ratio.
2.3.3.3 Influence of Angle of incidence on SPL Azimuthal Distribution

Figure 70 shows the no mean flow relative SPL distribution (incident + scattered fields
normalized to incident field) on and around the fuselage surface for different angles of
incidence.

Points of observation are:

e The azimuthal distribution is not symmetrical

e The shadow region reduces for lower angles of incidence
e Fore; < 50° regions of amplification exceed 6 dB.

An amplification region (or regional focusing) prior to a shadow region is not uncommon
in diffraction of wave fields such as that from a knife edge. Such a feature is apparent
for o; = 50° however, the degree of amplification is unexpected. As will be shown later, the
presence of flow and boundary layer modify these distributions.

2.3.3.4 Influence of Mean Flow and Boundary Layer

An example of the influence of mean flow and boundary layer on the azimuthal distri-
bution of the combined incident + scattered fields (normalized by the incident field) is shown
in Figure 71. It corresponds to a flight configuration of Mach No. 0.8 with angles of incidence
- 0f 50° and 130°. The boundary layer thickness is 0.01 of the fuselage radius. The blade number
and the tip rotational Mach number are 8 and 0.8, respectively. The corresponding distribution
for zero cruise Mach number is also shown.

All three curves correspond to azimuthal distributions around the fuselage at the outer
edge of the boundary layer. The distribution at the fuselage surface is the same as that at the
outer edge for the zero flight Mach number and for M = 0.8, with 8; = 130°. For e = 50°
and M¢ = 0.8, the fuselage surface pressure at R = R¢is 0.2 dB lower than thatat R = R¢+5
(the outer edge of the fuselage boundary layer). This difference is larger for thicker boundary
layers as is shown later.

The main points of observation are:

e Flight Mach number alters the symmetry of the combined pressure distribution
relative to angle of incidence

e The flight Mach number reduces the relative SPL at ¢ = 0 from 5.2 dB to 4.1 dB
for 8; = 50°, and to 4.8 dB for 6; = 130°
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e Slight shadowing effect, -0.2 dB (not shown) for SPL below fuselage boundary
layer.

2.3.3.5 Influence of Fugselage Boundary Layer Thickness and Cruise
Mach Number

The influence of refraction due to the presence of a fuselage boundary layer is shown in
Figure 72. The combined sound pressure level (incident + scattered fields normalized by the
incident field) at the azimuthal angle ¢ = 0 is shown as a function of visual angle of incidence.
Two plots are shown, corresponding to levels above and below the fuselage boundary layer;
namelyatR = R + sand R = R¢. The computations have been done for a flight Mach num-
ber of 0.8 and a boundary layer thickness ratio of &Rt = 0.10. The actual profile across the
boundary layer is that corresponding to a Blasius profile on a flat plate.

The main points of observation are:

e SPLrelative to free field above the fuselage boundary layer and at ¢ = 0is higher
than 0 dB (amplification) for all angles of incidence, ranging from 1.0 to 4.8 dB

e SPL relative to free field on the fuselage surface below the boundary layer is lower
for upstream incidence than for downstream incidence and corresponds to bound-

ary layer shielding

e Below the fuselage boundary layer, the range of angles of incidence where
amplification (level above free field) exists is limited between 92° < 6 < 14(°.

Figure 73 shows the relative SPL distributions on the fuselage surface for three different
boundary layer thickness ratios; namely &R¢ = 0.01, 0.05, and 0.1. The trend of increased
refraction as (&/R¢) increases is as expected.

Figure 74 illustrates the influence of cruise Mach number on the relative SPL distribution
at ¢ = 0 ad on the fuselage surface for &Rf = 0.1. Again, the trend of increased fuselage
boundary layer shielding is as expected.

The case of cruise Mach number equal to 0.8 compares favorably with Hanson’s analytical
results (Reference 2.3.6), allowing for possible differences in boundary layer profile and
boundary layer thickness. It may be noted, however, that the other two cases (corresponding
to cruise Mach numbers of 0.6 and 0.7) do not show the trends indicated by Hanson; namely,
no refraction beyond 2-feet forward of the propeller plane. The present results show consis-
tent trends of shielding similar to the case of Mach No. 0.8, but with less refraction.

2.3.3.6 Acoustic Shielding at Higher Harmonics of Blade Passing Frequency

All of the results presented thus far have been for the case of one times blade passing
frequency. Figure 75 shows similar relative SPL distributions for three harmonics of the blade
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Figure 75. Combined Incident and Scattered Relative Sound Pressure Level Distribution on
: the Fuselage Surface at ¢ = 0 for First Three Harmonics of BPF.
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passing frequency. These distributions are the combined SPL (incident + scattered field
normalized by the incident field) on the fuselage surface at R = Rfand ¢ = 0.

As expected, the combined fields at the higher harmonics undergo more refractive shield-
ing. An interesting observation is that for angles of incidence 6;i > 90°, the combined sound
field at the blade passing frequency undergoes very little shielding; this is due to the thin
boundary layer chosen for the illustration, namely &/R¢ = 0.01. The corresponding fields at
the higher harmonics undergo more shielding.

2.3.3.7 Comparison of 2D Plane Wave and 3D Cylindrical Wave
Scattering by Boundary Layer

In Subsection 2.3.1.1.2, the refraction of a 2D plane wave by a rigid flat surface with an
attached boundary layer was discussed. Figure 62 shows the boundary layer shielding effect
for two frequencies.

To make a comparison with this 2D analysis, the cylindrical scattering analysis has been
used to compute the SPL distribution for the following case:

Number of blades (B) = 8

Rotational tip Mach number (M;) = 0.8

Cruise speed M¢ = Mz = 0.8
Fuselage/propeller radius ratio (R¢/Rp) = 1
Boundary layer/fuselage radius ratio 8/R¢ - 0.073

The wave number:

k R
° p

x I".w

k 6
(-

2"0'

£

o

Bﬂt x1x0.073

0.467
This wave number contrasts with that of 0.469 for the 2D analysis.
Figure 76 portrays the relative SPL distribution at ¢ = 0 and R = Rg,

The 2D plane results are also presented; demonstrating remarkably similar trends. It
appears that the 3D analysis yields lower amplification than the 2D case. In the shielding
region, 8 < 80, the 3D analysis yields somewhat more shielding than the 2D analysis. It must
be stressed that this comparison is for ¢ = 0. As pointed out in Subsection 2.3.3.1, the
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amplification is higher at some other value of ¢. However, for ¢ = 0, comparison with 2D
plane wave refraction loses its meaning.

2.3.4 Concluding Remarks on Fuselage Scattering

An acoustic scattering analysis has been developed to make estimates of the acoustic
shielding and amplification effects associated with sound incident upon a cylindrical fuselage
supporting a mean flow boundary layer.

The estimate is evaluated in the form of a correction to be added to or subtracted from
the incident free field. The incident field is chosen to be representative of acoustic emission
from a propeller of specifiable blade number and rotating tip Mach number.

The main conclusions are as follows:

1. The combined sound pressure level distributions (incident + scattered) on the
fuselage surface and at the outer edge of the boundary layer are not azimuthally
symmetrical about the line joining the propeller and the fuselage center lines.

2. Regions of relative amplification and relative attenuation, corresponding to
illuminated and shadow regions are functions of the fuselage-to-propeller radius
ratio, the mean flow or cruise Mach number, the boundary layer thickness, and the
harmonic of blade passing frequency under consideration.

3. On the fuselage surface, acoustic shielding occurs even in the illuminated region
(¢ = 0), especially for angles of incidence 6; < 90°.

4. This refractive shielding becomes larger with increasing boundary layer thickness,
mean flow or cruise Mach number, or frequency of the sound field.
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3.0 INSTALLED TURBOPROP NOISE ANALYSIS

3.1 Conftiguration
3.1.1 Background

Under a separate NASA-sponsored effort, the PTA (Propfan Test Assessment) Program,
acoustic data have been taken (under various flight conditions) from a large-scale propfan,
mounted on the wing of a Gulfstream aircraft. Although data/theory comparisons were not
required for the installed turboprop noise analysis portion of the current contract, it was felt
that exercising the prediction models developed in the course of this work in order to predict
the noise generated by a real (rather than a fictitious) propfan/airframe combination would
be more meaningful. Consequently, it was decided that predictions should be made under
conditions corresponding to those of three of the flights that were made during the test
program, and that the predictions should be made at locations corresponding to those at which
measurements had been taken on the aircraft. The three flight conditions selected represent
the design point for the propfan (high altitude, high speed), together with two low altitude,
low flight Mach number points at differing power and tip speed.

3.1.2 The PTA Airplane

The large-scale, 9-foot-diameter, SR-7L propfan was mounted on the left wing of a
modified Guifstream G-II business jet transport and was flight tested by the Georgia Division
of the Lockheed Aeronautical Systems Company, under the NASA-sponsored Propfan Test
Assessment Program (Reference 3.1.1). During this test, acoustic data were acquired with
microphones located both on the fuselage of the airplane and on a boom situated further out-
board than the propfan, and at the same sideline distance as the closest points on the fuselage.
Figures 77 and 78 depict the PTA aircraft front view and plan view, respectively, while the
various microphone locations on the fuselage surface and on the boom are shown in Figures
79 and 80. Tables 2 and 3 identify the microphone locations, in terms of the airplane coor-
dinate system, as functions of: fuselage station (axial), water line (vertical), and butt line
(horizontal). In addition, Table 4 shows the location of the center of the propfan disk in the

‘same coordinates. It will be noted that Table 4 has three sets of coordinates, corresponding
to three values of “nacelle tilt angle.” This arises from the manner in which the propfan was
mounted on the aircraft. One of the variables investigated during the flight test was the flow
inflow angle in the vertical plane with regard to the propfan disk; thus, varying the tilt of the
nacelle in the vertical plane permitted a greater range of inflow angle over the flight envelope
than would have been possible otherwise.

The computer programs used to calculate the noise of the installed propfan require
sideline distance and observer (or emission) angles relative to the center of the propfan disk
as input, rather than airplane coordinates. Table 5 shows the locations of the microphones on
the left side of the fuselage and on the boom in terms of sideline distances (DIST in Table §5)
and observer angles (THETA) from the center of the disk at the two values of nacelle tilt angle
for which the calculations were required. Also shown are tabulations of PHI, the azimuthal
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Table 3. Wing Boom Surface Locations for Prediction Purposes.

et ————————

FUSELAGE STATION 209
(AXIAL) 247 301 328 35S 0
PROP DIAMETER PROP o
(REP_TO PP) +0.5D PLANE -0.25D -0.5D 1.0
WATER LINE 283.965 283,965 283.965 283.965 283.965 BUTT LINE
LOCATIONS
FOR BOOM

Table 4. Propeller Disk Center Coordinates for the

Three Nacelle Tilt Angles.

NACELLE BUTT FUSELAGE WATER
TILT LINE STATION LINE
ANGLE BL FS WL

+2° 165.3L 300.235 77.718
-1° 301.478 72.603
-3 302.454 69.233
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angle, in the coordinate systems required by the installation effects and fuselage scattering
computer codes.

3.2 Caicuiations
3.2.1 The Cases Analyzed

Tables 6 through 8 provide details of the propfan operating conditions for each case
analyzed, and Table 9 defines the abbreviations utilized in these tables.

Case No. 1 (Table 6) corresponds to the design point for the SR-7L propfan; 35000-feet
altitude, at a flight Mach number of 0.8, and a tip rotational Mach number also of 0.8. Cases
2 and 3 are low altitude flights; nominally 1000-feet altitude, and a flight Mach number of 0.3.
Case 2 has a high tip rotational Mach number of 0.73, with a high power absorption of 5886
shp. On the other hand, Case 3 has a tip rotational Mach number of 0.62, with a corres-
pondingly lower power; 4728 shp.

For each case, both uninstailed (free field, no unsteady loads included in the calculation)
and installed (free field, with unsteady loads resulting from: angle-of-attack operation, the
presence of the fuselage, and the effect of the wing lifting line) predictions were made. The
uninstalled calculations were made for the microphones on the boom, as well as on the 93.65
and 91.71 water lines along the fuselage. The installed calculations were made for the
microphones around the fuselage in the plane of the propfan (Fuselage Station 301) and at
0.25 propfan diameters upstream and downstream (Fuselage Stations 274 and 328). In addi-
tion, for Case 1 (the high flight Mach number case), fuselage scattering predictions were made
for three fuselage boundary layer thicknesses.

3.2.2 Modifications to the Codes

The SRPFAN (Single Rotation PropFAn Noise) prediction code delivered under this
contract requires the spanwise load distribution on the blades to be input as a swirl (or work)
coefficient distribution, as described in Subsection 2.1.2.3 of this report. These distributions,
along with the chordwise loading parameters, are input to the code by means of unique Load-
files, obtained from an Euler flow solution of the-particular operating conditions under
consideration. For the particular cases reported here, NASA Lewis Research Center kindly
supplied GE Aircraft Engines with Loadfiles generated from a Denton Euler code (Reference
3.2.1).

However, during the interim between the delivery of SRPFAN to NASA and the start of
the present calculations, modifications had been made to the NASA version of the code, such
that it now required spanwise loading to be input as a distribution of lift coefficient.
Consequently the Loadfiles received contained lift (rather than swirl) coefficients. The GEAE
code was modified to accept lift coefficient as input, while retaining the ability to scale the
input distribution if necessary to match the required power input.
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1) DATE
l)rL?
JIRUN
4)STNE
SIETNE
6)TANS
7) PANS
SIRN
9 )WSNX
101wsHm
11)%WSAG
12)wsD
13)ran0
14)ca
135)rncae
16 )ACGw
17)nTRU
18 ) RAGL
19)14PT
10 182X
11 )1HPTNR
22)14P30
13)KTAS
24 ) KTRX
15 )xTNN
26 )XTSD
27)voo
28) KCAsS
29)TTNS
jg)TTAX
J1)TTHN
312)7TSD
33)0ATC
J4)PA
3sS)prOT
3é)co0
L RART-1.7Y
js)rno
39 )rmoc
40)Qe
41)ALPN
42)ALMX
43)1ALMN
44)ALSD
45)ssn8

46)33nX

4718SHuN
48)8SsSD
49 INTA
$0)DHOT
S1)PCAB
$2)pcHx
3J)rcuN
$4)pPCSD
35)cop
56 )TCAB
$7)ee
38)s16G¢C
$9)rC
60)puce
61)TQE]
62)TQMNX
63)TQnN

PLT 16,

ORIGINAL PAGE IS
OF POOR QUALITY

RUN 44

710.870
16.0000
9.000000%+00
19:03:15.301
15:03:59.801¢
0.000000K+00
0.000000g+00
0.0000008+00
0.000000E+0Q0
0.0000008+00
0.000000E+00
0.000000E+00
0.0000008+00
1087.11%
0.0000002+00
98108.6
0.800760
9.0000008+00
349%4.9
3501S.¢
Jesi1.?
17.8101
468,604
470.279
467.279
0.616170
791.472
372.49¢
-10.6970
=-10.4608
-10.931¢
90.118700
-47.6200
499.028
761.262
987.7%8
g.301300
0.7166308=0)
0.707887
223.900
1.809%4
2.34890
1.37%40
0.220840
-.472310
0.206100
-.933600
0.2097%0
-1.00000
-.139720
12.0050
12.0049
11.9961
0.1630008-02
8.53958%
30.6730
1127.%2
0.000000C+00
0.190%242-02
2.14020
1430.92
1435.5%0
1425.29%

Table 6. Prediction Case No. 1.

w/n/s
w/n/s
OEGAREE C
rsz

]

KNOTS
KNOTS
KNOTS
DEGREER
SLUGS/PT*)
res
LAP~-3EC/PT*]}
Lar

PEET
PEET
PEET
reEEY
FEET
KNOT
KNOT
KNoT
XNOTS
res
KNOT
DEGREE
OTGREE
DEGREEL
DEGREE
DEGREE

nanon

SLUGS/PT°*3
Lar-sgc/PT*}
rsr

OEGRES
DEGREER
DEGREE
DEGRER
DEGREE
DEGREE
DEGREE
DEGREE
DEGRES

rrs

sz

rsI

sz

rsSI

rsI

DEGREE C
res

SLUGS/PT*)
LAP-SEC/PT®]
rT-LBP
rT-L2P
PT-LAYP

127

( 64)7QSD
( 6S)PSHP
{ 66)sHPC
{ 67)RPNL
( 68)RLAX
{ 69)IRLNN
( 70)RLSD
{ 71 emC?
( 12 mPT
( 73)RPNE
( T4)RHNX
( 7S)RHNN
( 76)RHSD
( 77)1aene
( 1mery
{ 19)TP1
( s0)PRPN
( s1)vRoT
( 82)vrPwD
{ 83)vTH
( 84)pTNR
( 8$S)nrFPwD
{ 86)TNTN
( 87)8arP
( 88)3ANX
( 89)mANN
( 90)BASD
{ 92)IA

{ 92)SHPA
{ 93)987Q
( 94)rNsT
{ 95)p8up
{ 96)1Pr8T
{ 97)0rnr
¢ 98)r0PL
( 99)39
(100)cp
(101)cTP
(102)0rn
(103)80r1
bt RPN

24-3EP-87

2.14904
3129.137
08882.0
99.9079
100.070
99.4531
0.149800
0.0000002+00
11489.4¢
97.3411
97.4414
97.1328
90.5816008-01
131919.8
363s8.31
13787.3
16%0.27
796.3519
791.472
1122.89
0.80639)
0.800760
1.13680
98.401¢6
$58.4373
$50.3789
0.88200082~02
3.8095%40
3072.93
9547.14
1%83.16
384.066
1193.39
197.098
37.9324
J.12181
1.78716
0.424520
0.741480
215.369

P LLYL N

rT~-LBP

01vo.-=¢ro.ra4vo
E ]

DEGRER
DEGREER
DEGREER
OEGREE
DEGREE
Hy
PT-LBP
Lar

HPp/PT*2

1 33L£3 A

B s adean
b3 2008

2336305

rrizd

DFR

i3t} G B for) 0-00-00-80-0 0t

(108 )rPN1
(109)R1MX
{110)R1MN
(111)R13D
(112)sPN1
(113)Lsrl
(114)LsT}

86.5348
86.5%08
$6.5000
90.1208008-01
21072.69
0.9167242408
0.362106E+09

33363 4

S

]

3

]
Lar
HZ
HZ

(120 )M2MX
(121 )R2MN
(12218280
(123)8pPM2
(124)RSP1
(12S5)RSTL
1126) @ 0.

92.898%
92.91316
92.8613)
0.143300E-01
J063.23
0.916723z+08
0.362106€+09
00000€C+00 0

)

]

%
Lar
HZ
HZ
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1)D0ATE
2)PLY
3)nun
4)STHE
S)ETHE
6 ) TAND
T)PAND
)1 n
9 ) WSNX
10)wsnn
11)1%sag
12)wsp
13)PAND
14)Co
15)PNCG
16)ACGH
17)RTRU
18 )HAGL
19)RP?T
20 )HPNX
21 )RPTH
22)NP3D
13 )KTAS
24 ) KTHX
28 )KTHN
26 ) X730
17)v00
28 )KCAS
29)TTNS
Jo)TTNX
31)TTHN
32)TTSD
33)0ATC
J4)PA
318)rroT
316)coo
37)sGnA
is)mo
3% )moc
40)Q8
41)ALIR
42)ALMX
43)ALNN
44)ALSD
43)3388
46)S3nx
47)s3MN
48)333D
49)NTA
30)DHDT
S51)PCAB
32)penx
33 )pcuN
$4)PC3D
$s)cop
S6)TCAS
$7)ce
58)s1GC
59)r¢
60)PNCC
61)7TQR3
62)TQNX
63)TQNN

PLT 43, RUN 09R2

1009.87
43.0000
9.18000

08:31:17.801 n/M/8

08:33:00.801

$.60000
14.9700
69.0000
6.00000
0.400000
4.30000
3$s.000

0.2477658-02

1104.10
2.73588
61325.0
0.303400
1030.00
$87.548
079.624
334.448
145,647
197.806
306.866
192.79%0
2.2007%4
334.098
196.614
11.9240
12.1719
11.4922
0.16719%0
6.77646
2071.69
2208.29
1100.52
1.0077¢

0.2396632-02

2.63738
133.49%¢
4.70003
$.67040
3.276230
0.464030
-2.3%072
-1.47980
-4.76860
0.7787%0
-1.00000
11.2407
14.7940
14.8164
14.772%

0.810000E-02

0.407255
16.477¢
1119.44
1.00164

g.23819%08-012

2.666218
1711.09
2724.28
25%2.00

n/n/s
DEGREX C
rs:

]

KNOT

XNOT

Kwo?
DEGRER
SLUGS/PT*]
res

L3P~-SEC/PT*3

Lar

PEET
PEET
PEET
FEET
rERT
KNOT

[ ¢ &4
KNOo?T
KNOT
rrs
KNOT
DEGRER
DEGREE
DEGRZE
DEGREE
DEGRER
12 14
rsr
rrs

nnnnn

sSLUas/rr*)

LBP-SEC/PT*3

rsr
DEGREE
DEGREE
DEGRET
DEGRES
DEGREE
DEGREEL
DEGAREE
DEGREER
DEGREE
res
rsI
rsz
rs:
rs:
sz
DEGREE C
res

SLUGsS/rT*}

LBr-SgC/PT*3

rT-Lar
rT-Lar
PT-LAP
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Table 7. Prediction Case No. 2.

19-NOV-87
{ 64)TQSD = 24.1798
( 65)PSHP = 59S3.11
( 66)SHPC » 0.000000E+00
{ 67)RPHML = 100.236
{ S8)RLMX = 100.746
( 69)IRLME = 100.070
( TO)RLSD = 0.116900
{ 71)PNC? = 0.000000E+00
( T2)RP? = 11529.4
( 7TIIRPMR = 96.3629
( 74)RHMX = 96.4570
( 7S)RHMR = 93.9648
{ 7T6)RNSD = 0.8142002-01
( TTIRPNC = 113779.9
{ 78)1CPl =« 4363.63
{ 79)TP1 = 13835.3
{ SO)PRPN » 1696.16
( 81)VROT @ 799.298
( 82)VPWD = 1334.098
( §3)VIR =« 866.309
( 84)PTMR o 6.726287
( 4S)MPWD = 0.303400
( $6)TMTH = 0.787181
( 87)BAPF = 36.8441
( 88)BANX = 37.1094
{ 09)BAMN = 135.8006
{ 90)BASD = 0.284670
( 91)1IA s« 3.70003
( 92)SHPA = 35086.03
{ 93)PSTQ = 18228.9
( 94)PNST = 6£612.03
( 98)PBHMP = 73S.73¢
( 96)PP37 = 2279.24¢
{ 97)PPBP = 826.5013
{ 20)PDPL » 72.6671
( 99)3? « 1.31308
(100)C? s 1.01303
(101)CTP = 0.526410
(102178 = 68.2328
{103)8PP1 » 226.19%4
(104)RPM3 » 3S.8340
(L05)RIMX = 35.9219
(106)R3NN & 35.7461
(107)R38SD = 0.374000£-01
(108)RPM1 = €4.5379
(109 )RINX & 64.5977
(120)RINN =« 64.488)
(111)R18D = 0.2740002-01
(112)8P81 = 253.4832
(113)LSPl = 1002.52
(114)LSTY = 3959.94
(11S)RPM4 = 32.4520
(116)R4NX = 32.33352
(117)R4MB = 32,3516
(118)R4SD = 0.474300E-01
(119)IRPM2 = 60.2445
(120)1RZNX = 60.3242
(121)R2MK =  60.14084
(122)R238D = 0.4249002-01
(123)8PN2 = 158.242
(124)R371 = 907.899
(129)RST1 = 3386.20
(126)N%CG = 1.00598

rT-LBP
Re
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DEGREEZ
DEGREE
DEGREE
DEGREE
DEGREE
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1)0ATE
2 rL7
JInuN
4)sTHE
S)ETHE
6)TAND
7)PAns
s)nn
9)wsnx
10)wsny
11)wsaG
12)ws0
13)PAND
14)co
1%)rnce
16)Acow
17)87RY
18)HAGL
19)nrT
20)uPNX
21 ) HPTH
12)ursd
13)KTAS
24)KTNX
29)xTNN
16) k73D
27)voo
18)%CAs
29)TTNS
30) TTNX
L)TTNm
32)7TSD
33)j0atc
34)PA
3s)rror
3¢)co0
17)3GmA
38)rN0
39)PM0C
40)QE
41)ALPN
42)ALNMX
43)ALAN
44)ALSD
4s)ssne
46)SSHX
471338
48)s3sD
49)8TA
$0) ONDT
S1)PCAB
$2)peMx
53)pCHN
$4)pC3D
ss)cop
S6)TCAD
s7)ce
ss)s1ac
s9)rc
60) pncC
61)7TQK3
62)TQNX
63)TQNN

Table 8. Prediction Case No. 3.

PLT 41, RUN 13R

9¢9.869
41.0000
13.1000
08:56:24.400
08:57:16.801
20.6000
14.8300
77.0000
9.000000E+00
0.000000KE+00
0.000000K+00
0.000000K+00
0.2354168-02
1127.138
2.695404
60137.9
0.30529%0
990.000
009.461
1034.23%
6%52.237
112.77¢
202.929
204.932
200.167
1.17919
342.747
199.067
23.2630
23.3488
22.763%6¢
0.245210
17.8382
2058.06¢
2192.29
1122.07
0.961660
0.2206978-02
2.%6613
134.072
3.9431¢
S$.24%00
1.68070
0.3%16130
0.2860008-02
0.626000
-.556600
0.264260
2.00000
7.38108
14.8030
14.8272
14.7032
0.832000K~02
0.531780
22.1%60
1130.36¢
0.0000002+00
0.231749E-02
2.64222
2483.01
2492.00
2466.2%

n/n/s
H/n/S
DEGREE C
rst

L ]

KNOTS
KNOTS
KNOTS
OEGREE
SLUGS/PT*3
res
LAP-SEC/PT*]
Lar

FERT
PEET
PEET
PEET
PERT
KNOT
KNOT
Kwo?
KNOTS
res
K§No?T
DEGRER
DEGREE
DEGREE
DEGRES
DEGREE
rse
rs?
res

onnon

SLUGS/PT*)
LAP-SEC/PT*]
rsr

DEGREE
DEGREE
DEGREE
DEGREE
DEGAREE
DEGREER
DEGREEX
DEGRER
DEGALE

res

sz

rsz

rSI

| £ 24

rs:

DEGREE C
res

SLUGS/PT*3
L3P-SEC/PT*)
rT-L0BP
rT-LB?
PT-LBP
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10-NOV=-87
( 64)TQSD = 4.296112
( 65)PSHP = 4776.50
( 66)SHPC = 08888.0
{ 67T)RPML = 87.8534
( 68)RLMX = §8.1036
( 69)IRLME » 87.6914
{ 70)RLSD = 0.7672008-01
( 71)PNCP @ $3.35784
( 72)RPT = 10103.4
( T3)RPMM = 96.6103
( 7T4)RHMX = 96.6992
( 7S)RMMN = 96.4511
{ T6)RHSD =» 0.1949008-01
( 77)RPNC = 1381S5.)
( 78)CPL = 3199.40
( 79)TP1 = 12124.0
{ GO0)PRPM = 1486.136
{ §1)VROT =» 700.431
( 82)VPWD = 342.747
( 83)VTHR = 779.794
{ 04)PTNR = 0.62421313
( 8S)NPWD = 0.305290
{ 86)THNTN = 0.694963
( 87)BAPF = 41.7865
( 88)BAMX = 42.08508
( 09)BAMN =« 41.3984
{ 90)BASD = 0.149100
( 91)ZIA = 5.94331
( 92)SHPA = 4728.73
{ 93)937TQ @ 16709.1
( 94)PNST = 5191.58
( 95)PBHP = $591.091
( 96)PPBT = 2008.64
( 97)1PPBP = 648.947
{ 98)P0PL =» 358.3794
{ 99)Jp s 1.%3721
(100)cC? = 1.26730
{101)CTPF = 0.564040
{1023)PPN = Q0.684169
(103)8PP1l = 190.182
(104)RPN3 = 34.9100
(10S)RIMX » 0.0000002+00
(106)RINN =« 0.0000008+00
(l107)R3ISD =« 0.000000E+00
(108)RPM1 =« 63.7793
(L09)RINX = 63.8672
(110)RINN » §£3.7266
(L11)R1SD = 0.274000E-01
(112)SPN1 = 207.190
(113)L3PL = 97666.9%
(114)1LST1 = 38578).
(11S)RPM4 = 31.2420
(116 )R4NX = 31.3008
(117)R4MN = 31.1680
(118)R4SD = 0.212900E-01
(119)RPM2Z = 38.9542
(120)R2MX =» $59.2500
(121)R2MN = 49.1094
(122)1R28SD = 0.8%29650
(123)8PN2 = 113.62%
(124)RSF1 » 874304.7
{12S)RSTL = 345249.
(126)M2CG = 1.017%7

PT-LAP
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Table 9. Aircraft and Propeller Operating Conditions.

Definition of Abbreviations

1=-0ATCsTEST CATE
2-PLT oPLIGNT NUMBER
3=RUN =RUN NUMBER
¢=STME=PRAON TD4 PFILE
S-CTHEsPROM _TD4 PIL
«TAMBaGROUND AMBIENT TEMPERATURE
T=PANB=GROUND AMBIENT PRESSURE

6§4-TQSDaDRIVE
63=PSHP=POWER
66~SHPCaDRIVE
$7=RPNRLePOWER
68-RLAX=ORIVE
69-RLANSDRIVE
70=RL3D=0ORIVE

NG
TUR
£NG
TUR
NG
ENG
[4.1-}

PWR TURS TORQUE-SD
BINE sSuP

POWER TURBINE \MCP
BINE \ NP-NMEAN

PYWR TURSINE § NP-MAX

PWR TURBINE N NP-MIN

PWR TURSINE § NP-3D

71-PRCPePWR SECTION MAX CONTINUOUS PWR

o
g
o
=

O

14=-Ca

A

18=HAGLSALTITUDE
19=-HPT @ALTITUDE
20=-HPMXeALTITUDE
21=HPTReALTITUDE
22-HPSDeALTITUDE
13=KTASaTRUE AIR
34=KTRX=sTRUE AIR
15=KTRN=TRUE AIR
16=KTSD=sTRUE AIR
17-V00 eTRUE AIR

34=PA

Aircraft-

40-Q8
41=-ALPNSANGLE OF
42-ALRXSANGLE OF
4)=-ALAN®ARGLE OF
44~-ALSD=ANGLE OF
43-3SNB=SIDESLIP
46-3SNX=SIDESLIY?
47-3SNNeSIDESLIY
48-333DeSIDESLLIY

~PCASnCABIN

15=PRCEaGROUND CNAR.

49=NTA =*8ACILLE TILY ANGLE
30-O0MDT=»CLIND/DESCENT RATE
PRESSURE-MEAN
$2-PCHXaCABIN PRESSURE-NMAX
$3=PCHNaCABIN PRESSUREL-NIN
S4=-PCSDECABIN PRESSURE~-SD

eGROUND RELATIVE NUNIDITY
9=WSHX=GROUND WIND SPLED MAX
10=-NSNN=GROUND WIND SPEED NIN
11-WSAGaGROUND WIND SPLED AVERAGE
12-wSD =GROUND WIND SPLEZD DIRECTION
13=-PAMD=GROUND AIR DENSITY

«GROUND SPCED OF SOUND

IMPEDANCE
w

17=NTRUSPRECSTREAN MACH

ABOVE GROUND

ABV SEA LIVEL NEAN
ABQVE SZA LEVEL-MAX
ABOVE SEA LIVEL-MN
ASOVE SEA LIVEL~-SD
SPEED-NEAN
SPELD~-MAX

SPEED-MIN

SPEXD~-SD

SPELED

18=KCASaCALIBRATED AIR SPCED
19=TTHBuPRLLSTREAN TOTAL TENP~-NEAN
JO=TTNX»7RELSTREAM TOTAL TEMNP-MAX
J11-TTNNSPRCESTREAR TOTAL TEMP=-NIN
32-TTSOuPREESTRIAN TOTAL TENMP-$D
13=0ATCaFRCISTREAN STATIC TINP
sPFRECSTALAM STATIC PRESSURE
35«-PTOTePRELSTREAN TOTAL PRISSURE
J6=C00 «PRIISTRLAM SPLLD OF SOUND
3T7-SGMA=QENSITY RATIO

J8=PNMO =PREZSTREAN AIR DENSITY
19-PROCaFREESTREAN CHAR. INPEDANCE
eQYNAMIC PRESSURE

ATTACK=NEAN
ATTACK=MAX
ATTACK=-NMIN
ATTACK-SD
ANGLE~REAN
ANGLE~RAX
ANGLE~-NIN
ANGLE~SD

5 33-CDP «CABIN DIPP PRESSURE
D 36-TCAB=CABIN TINPERATURE
O

$7-¢C

59=-9C
E0-PMCCsCABLY

sCABIN SPELED OF 3SOUND
$8-S1IGCaCABIN DENSITY RATIO
@CABIN AIR DENSITY

CHAR.

IMPEDANCE

61l-TQLI=POWER TURBINE TORQUE-MEAN
62-TQMX=ORIVE LNG PWR TURS TORQUL-MAX
61-TQNNaDRIVE ENG PWR TURB TORQUEL-MIN

72=RPT =ORIVE ING PWR TURS ROT 3SPD=NP
73=RPAN=COMPRESSOR § NG-MEAN
74=-AHNX=DRIVE ENG COMPRESSOR \ NG=MAX
73=RHNNSORIVE ENG COMPRESSOR . NG-MIN
T6=RN3D=DRIVE ENG COMPRESSOR § NG-~-SD
77=-RPRC=ORIVE ENG COMP ROTATION 3PD-NG
78-CP1l «ORIVE ENG COMP 1ST ROTOR PREQ
79=-TP1 eORIVE ENG TURS LAST ROTOR PRE
80=-PRPM=PROPFAN ROTATION SPCLED
$1-VROT=PROPPAN TIP ROTATION VEL
$§1-VPWOnPROPPN TIP PWD VELaTRU AIR SPD
§3-VTH aPROPPAN TIP NELICAL VEIL
84=-PTMR=PROPPAN TIP ROTATION MACH
8S-MPWDsTIP PWD MACK=aPREEST. MACN
S6-TNTN=PROPPAN TIP NELICAL MACH
07-BAPP=BLADE ANGLE-8(3/4)-HMEAN
88=-BANXsPROPFAN BLADE ANGLE~B8()/4¢)-MAX
19-8AMNSPROPPAN BLADE ANGLE-B(J/4)-MIN
90-B3ASD=PROPPAN BLADE ANGLE-B()/4)-50
91«IA SPROPPAN INFLOW ANGLE-UNINST
93=-SKPA=SHAFT POWER

$3-PSTQuPROPPAN SHAFT TORQUE
94~PHNSTuSNAPT THRUST

95-PBHPePROPPAN PWR PER BLADE
96=FPRTuPROPPFAN TORQUE PER BLADE
9T7=-PPRPuPROPPAN THRUST PER BLADE
98-PDPLPROPPAN DSK PWR LOING
99=-JP eADVANCE RATIO

100=CP =pPWR COCFPICIENT

101=CTP sTNRUST COEPPICIENT
103-PPN aPROPFAN EPPICIENCY
103-8PF1uPROPPAN PUNDAMENTAL FRE
104~RPM3aly COMPRESSOR SPD-N1 8
10S=RINXsLPT SPLY ENG LP COMP SPLED-MAX
106=RIMNN=LFT SPLY ENG LP COMP SPELD-MIN
107<-R33DalrFT SPLY ENG LP COMP SPELD-SD
108=-RPMlecHP COMPRESSUR SPD-N2Z
109=RINX=alLPT SPEY ENG NP CONMP SPELD-MAX
110<RiNN=LPT SPEY ENG NO COMP SPLED-MIN
111-R130elPT SPEY ENG NP COMP SPLED-SD
112-SPN1eLPT SPEY ELNG MNET THRUST
113=-LSPlslr?T sSPLY LPC:1ST ROTOR BPF
114-LSTlelrPT SPEY PL:
L1S~-RPMe=LP COMPRESSOR SPD-N1 3
116=-R4NXaRT SPLY ING LP CONMP SSCLD=-MAX
117=-R4NN®RT SPLY CNG LP COMP SPEELD-MIN
118«R4SO=RT SPLY LNG LP CONP SPLLD-SD
119=-RPN2=NP COMPRESSOR SPD-N2 §
120=RINX=RT SPLY ELNG HP COMP SPLED~-MAX
121-RIMNsRT SPEY ENG NP COMP SPLED-MIN
122-RISD=PT SPET CNG WP COMP SPLLD-SD
122-SPMNIaPIGHT SPEYT LCNG NET THRUST
133=R3F1ePT SPLCT ENG LPC:13T ROT BPF
129-RST1aRT SPEY ENG LPT:LAST ROT 8PP

PF
Drive Engine

Prop Fan

LH
Spey

RH
Spey

ol ——

lid=awy
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A minor modification was made to the SRPIE (Single Rotation Propfan Installation
Effects) code to enable the calculation to be performed at specified values of ¢ (the azimuthal
angle), rather than at predetermined 15° intervals.

No changes were made to the SRPFS (Single Rotation Propeller Fuselage Scattering)
code.

3.3 Reslits
3.3.1 Case 1: Design Point
3.3.1.1 Uninstailed Predictions

Results calculated under free field conditions at the fuselage microphone locations along
the 93.65 and 91.71 water lines and at the boom microphones are shown in Figures 81 and 82,
respectively. The first three harmonics of BPF are shown in each figure.

It will be noted that, under these conditions, the predicted levels are the same at the
fuselage surface (Figure 81) and at the boom (Figure 82). This is what would be expected from
the prediction model, given that the boom and fuselage microphones were at virtually the same
sideline distance (Table 5), and that the model predicts no azimuthal variations.

One feature depicted in Figure 81 (which is missing from Figure 82, due to the absence of
amicrophone at that location), is that all three harmonics of BPF are predicted to peak forward
of the plane of rotation. In order to examine this feature, Figure 83 was plotted, showing the
BPF tone predicted by the steady loading and thickness components of the acoustic model
separately, together with the total already seen in Figure 81. It appears (from Figure 83) that
the thickness noise prediction, combined with phasing effects, is causing the peak in the
forward arc, with the relative phasing between the two components actually reducing the total
level below the peak predicted by the steady loading model at Fuselage Station 353.

One final effect, seen in Figure 84, concerns the selection of the angle used to divide the
lift on any blade section into its thrust and torque components. As described in Section 2.1,
there is an option in the SRPFAN code allowing the use of either the helicoidal angle (p,, in
Figure 1) or the blade pitch angle (g, in the same figure) in the evaluation of ky in Equa-
tion 2.1.2. Figure 84 indicates the minor differences found between the two models. In
general, use of the helicoidal surface option results in levels that are 1 to 2 dB higher than
those obtained with the blade pitch angles. All of the results presented in this report (with the
exception of Figures 84, 96, and 100), use the blade pitch angles to divide the section lift into
its thrust and torque components.

3.3.1.2 Installation Effects

The effects of the installation environment (presence of a fuselage and wing lifting line,
together with angle-of-attack operation) were calculated, again under free field conditions, at
the microphones located on the left side of the fuselage in the plane of the propfan (Fuselage
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Station 301) and 0.25 propfan diameters upstream and downstream of this plane, at Fuselage
Stations 274 and 328, respectively. Results are listed in Table 10 for the first and second
harmonics of BPF, and the free field installed levels of the BPF tone are shown graphically in
Figure 85. The effect of the installation is predicted to be small everywhere.

In order to make the prediction, it was assumed that the inflow angle to the propfan was
given by the parameter “IA” (the combination of the airplane angle-of-attack and the nacelle
tilt) in Table 6. For this case the value is low, namely 0.81°. Other inputs required are the
wing lift coefficient and the location of the center of the propfan, relative to the wing lifting
line. The lift coefficient was calculated from the aircraft gross weight and other relevant
parameters given in Table 6, together with an estimate of the wing area scaled from Figure 78.
In addition, the analytical model employed in the SRPIE code for the flowfield of a wing lift-
ing line is restricted to rectangular (unswept) wings.

Consequently, it was assumed that the unswept wing lifting line passes through the
midchord of the wing/fuselage installation. Finally, the blade section lift and drag coefficients
versus angle-of-attack data required by the prediction code were obtained using the perform-
ance data given in Reference 3.3.1 for the SR-7A model propfan in the CLDSRP performance
preprocessor.

3.3.1.3 Fuselage Scattering Effects

The final set of calculations performed for this high flight Mach number case were con-
cerned with the effects of refraction and diffraction described in Section 2.3. These effects
were shown to increase with increasing flight Mach No.; hence it was decided that, for this
case only, an assessment would be made of their contribution.

Results were calculated for three values of fuselage boundary layer thickness: 8 = 1 inch,
8 = 3 inches (suggested by Lockheed), and § = 6 inches. The predicted effects are shown in
terms of “dBFW,” which is defined as:

dBFW = 20log1o(P(Ry,4)/Pi(Rf +8,4)
where P(R,¢) = Pi(R,¢) +Ps(R,¢), (incident + scattered fields.)
For pure reflection, dBFW = 6 dB.

Figure 86 presents the predicted effects of the three different boundary layer thicknesses
on the fundamental BPF tone as a function of distance along the fuselage at a fuselage
azimuthal angle, ¢-fuse (Table 5), equal to zero. This approximately corresponds to the 93.65
and 91.71 water line locations used in the uninstalled predictions. The results are similar to
those presented in Section 2.3, with the greatest decreases relative to the pure reflection 6 dB
value occurring ahead of the plane of the propfan (Fuselage Station 301) as a function of
boundary layer thickness, and the boundary layer being predicted to have negligible effect
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downstream of approximately 0.25 propfan diameters aft of the plane of rotation (Fuselage
Station 328).

Figure 87 shows the result of combining these effects with the BPF tone of Figure 81. It
now appears that the location of the peak level is a function of fuselage boundary layer thick-
ness, with the high level in the forward arc diminishing as the thickness is increased, while the
levels aft of the propfan remain constant.

Figures 88 through 90 illustrate the effects predicted on the BPF tone at points around the
left side of the fuselage, of the same three values of fuselage boundary layer thickness (1 inch,
3 inch, and 6 inch) as before, at Fuselage Stations 274, 301, and 328, respectively, in terms of
dBFW. The “y~coordinate” is “¢-fuselage,” where zero represents the position on the fuselage
of a line connecting the midpoint of the propfan disk to the centerline of the fuselage.

Finally, Figures 91 through 93 represent the results of combining the fuselage scattering
effects shown in Figures 88 through 90 with the installation effects of Table 10 and the isolated
propfan steady loading and thickness prediction, to give predictions of the BPF tone levels
that would be measured at the microphone locations around the fuselage in the plane of rota-
tion of the propfan (Figure 92), and 0.25-diameters forward and aft of that plane (Figures 91
and 93, respectively).

These figures demonstrate the effects of the increase in fuselage boundary layer thickness,
both along and around the fuselage surface. For example, in Figure 93 it can be seen that,
whereas at the measurement locations at and below the 91.71 water line the predicted tone
level is virtually independent of boundary layer thickness, above this point there is a relation-
ship. It will be remembered (Figure 77) that the propfan rotates clockwise when viewed from
forward looking aft. The blades are, thus, approaching the fuselage below the 91.71 water line,
and retreating above it. Both the installation effects (other than angle-of-attack) and the
fuselage scattering results are functions of the direction of rotation.

3.3.2 Case 2: Low Altitude, Fuil Power, and Tip Speed
3.3.2.1 Uninstalled Predictions

The input parameters used for these predictions are listed in Table 7, and the results
predicted for the first three harmonics of BPF under free field conditions along the 91.71 and
93.65 water lines on the fuselage, and at the boom microphone locations, are shown in Figures
94 and 95. Comparison of these figures with Figures 81 and 82, which show equivalent predic-
tions for the design point of the propfan, demonstrates the different character of the predicted
tone noise from a propfan at supersonic helical Mach number (Case 1: Myt = 1.137), and
from the same propfan at a helical tip Mach No. of 0.787. At the lower Mach number, the
directivity patterns for the three harmonics are smoother, with the predicted peak level occur-
ring behind, or at, the plane of rotation. The peak predicted level is 10 to 12 dB lower at the
lower tip helical Mach number, and the decrease in tone level with increase in harmonic order
is more pronounced. The harmonic levels of Figure 81 are probably held up by the thickness
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noise prediction which, as seen in Figure 83, is of equal or greater importance at the high helical
tip Mach number point. In Figure 94, the decrease in level with increase in harmonic number
is consistent with noise due to steady loading as the dominant source. As before, free field
predictions at the boom microphone locations (Figure 95) are virtually identical to those illus-
trated in Figure 94.

As in the previous case, the two options for splitting the lift on the blade sections into their
thrust and torque components were investigated. The results are shown in Figure 96. It is
interesting to note, in comparing Figure 96 with Figure 84, that the two methods have “switched
positions.” For this low Mach number, off-design case, the predictions using the helicoidal
surface in the acoustic prediction are consistently 1 to 2 dB lower in the peak region than those
obtained with the blade pitch angles.

3.3.2.2 Installation Etfects

Installation effects for this case were calculated using an angle-of-attack of 3.7°, obtained
from Table 7. The wing lift coefficient was calculated from the aircraft gross weight and other
relevant parameters from the same table. No low flight Mach number performance data was
available for the SR-7 propfan design, so it was assumed that the Cp and Cp versus angle-of-
attack characteristics of the blade sections were similar to those of the SR-3 model propfan.

Accordingly, data from the performance maps of Reference 3.3.2 were used as input to
program CLDSRP. The results of the calculation are tabulated in Table 11 for the first and
second harmonics of BPF, and Figure 97 shows the free field BPF tone levels predicted around
the left side of the fuselage with instailation effects included in the prediction.

Once again, the predicted installation effects are small, with the predicted decrease toward
the top of the fuselage and increase toward the bottom of the fuselage in line with what would
be anticipated with a positive angle-of-attack. No fuselage scattering predictions were made
for this case.

3.3.3 Case 3: Low Altitude, Reduced Power, and Tip Speed
3.3.3.1 Uninstalled Predictions

Figures 98 through 100 are equivalent to Figures 94 through 96 for the full power and tip
speed case described above. Examination of Tables 7 and 8 shows the predicted difference in
the free field peak levels of Figures 94 and 98 to be a result that relates more to the difference
in tip Mach number than to the difference in power absorbed in the two configurations.

The tip speed effect on steady loading noise from a point force can be written:

A(dB) = 20*Logg(V2/V1)" 6

= 7.9 dB in this case;
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while, for the difference in power:
A(dB) = 20*Log;o(shp2/shp1)
= 1.9dB.

The total of 9.8 dB is very close to the 9.4 dB predicted by the distributed source model,
implying that, under these low speed conditions, the added complexity of the full model is not
necessarily needed.

Once again, the boom results of Figure 99 are very similar to those calculated at the
microphone locations on the fuselage (Figure 98). For this case, the nacelle tilt was +2°,
leading to a slightly greater difference in sideline distance between the boom and the fuselage
than was seen in the previous two cases (Table 5).

The differences between results calculated using the helicoidal surface angles to divide
the lift into its components for the acoustic calculation and those obtained with the biade pitch
angles are portrayed in Figure 100. As in Figure 96, the helicoidal surface results are approxi-
mately 2 dB lower than those obtained with the blade pitch angles.

3.3.3.2 Instaliation Effects

The nacelle tilt of +2° for this case resulted in an angle-of-attack of 5.94° (Table 8). The
other installation inputs were calculated as before, from parameters also in Table 8.

The free field predicted results are shown in Table 12 and Figure 101. Although slightly
larger than those predicted for Case 2, the predicted effects are again small, with the increase
toward the bottom of the fuselage and the decrease toward the top in accordance with the
expected angle-of-attack effect. Overall, the predicted free field levels around the fuselage
(Figure 101) are lower than those shown for Case 2 (Figure 97) and exhibit less variation with
fuselage station. Again, no fuselage scattering effects were calculated for this case.

3.4 Conclusions

The acoustic models developed under this contract as described in Section 2.0 of this report
for the prediction of high speed turboprop noise resulting from steady loading and thickness
sources on the blading together with installation effects arising from: angle-of-attack opera-
tion, the presence of a cylindrical fuselage, and the presence of a wing lifting line, have been
exercised to predict the free field noise at various microphone locations on the aircraft for
three flights of the Propfan Test Assessment airplane. In addition, for one flight representing
the design point of the propfan, the fuselage scattering code which was also developed under
this contract and described in Section 2.0 of this report was utilized to predict the levels that
would be measured by microphones on the fuselage of the airplane, given any of three pos-
sible fuselage boundary layer thicknesses.
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The results show that at high' helical tip Mach number (Case 1), the noise predicted due
to the thickness (or volume) of the blades is comparable to, or even greater than, that predicted
to result from the steady loading component alone. The slow dropping off of the peak levels
with increase in harmonic number for this case has been ascribed to the thickness source.

The inclusion of fuselage scattering effects demonstrates that the location of the peak level
onthe fuselage at cruise can be a function of the thickness of the boundary layer on the fuselage.
Under free field conditions, the maximum level is predicted to occur forward of the propfan
plane. It has been shown that the presence of the boundary layer leads to a predicted reduction
in the tone levels on the fuselage upstream of the propfan, while giving aimost pure reflection
in the aft region.

Installation effects at cruise are predicted to be less than 1 dB over the region in the vicinity
of the propfan plane.

In the low flight Mach number regime (Cases 2 and 3) the predicted noise levels are
dominated by steady loading effects. The predicted differences between Cases 2 and 3 (“full
power and tip speed” versus “reduced power and tip speed”) are shown to result more from
the tip speed effect than from the reduction in power absorbed.

The predicted effects of the installation indicates levels increasing toward the bottom of
the fuselage and decreasing toward the top in both cases (which is consistent with the angles-
of-attack input), although the levels of the predicted effect are low everywhere.

An examination of the consequences of the use of the blade pitch angles rather than the
helicoidal surface angles in dividing the blade section lift into its thrust and torque components
for the acoustic calculation shows the difference between the two sets of results to be of the
order of 1to 2 dB. One interesting point noticed is that: whereas at cruise, results generated
using the helicoidal surface are higher, in the low flight Mach number regime, the opposite is
true. It is not known if this is a universal result, or a function of the particular geometry under
consideration here.
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4.0 OVERALL CONCLUSIONS

Acoustic models have been formulated and programmed under this contract to predict
the tone noise generated by a high speed turboprop as a result of: the steady loading on the
blades; the thickness (volume) of the blades; and the unsteady blade loads resuiting from the
installation environment. A model to predict modifications to the sound field emitted from
the turboprop resulting from the curvature of an airplane fuselage and its attached boundary
layer also has been formulated and programmed.

The steady loading and thickness model matches a frequency-domain, noncompact source,
linear acoustic model with the solutions from a nonlinear, aerodynamic flow field analysis
program that are used to obtain the blade loading distributions required as input by the acoustic
code. The model was developed originally for the acoustic far field, and a semiempirical
adjustment has been included to account for near field effects. An alternate method for
predicting near field noise directly from the numerical flow field solution was tried and
discarded as impractical at this time.

Results from the steady loading and thickness model have been compared with data from
three model propfans (SR-2, SR-3, and SR-6) operating at high flight speed, both in a wind
tunnel environment and in flight (mounted on the Jetstar aircraft). In general, the predictions
show good agreement with the Jetstar boom data and moderate agreement with the data
measured on the airplane fuselage and in the wind tunnel.

The installation effects model developed under this contract employs a quasi-steady
formulation to predict the thrust and tangential forces on the blades resulting from the non-
uniform flow environment in which the propfan operates when installed on an aircraft. The
specific installation effects considered here are: angle-of-attack operation, the presence of a
fuselage, and the presence of a wing lifting line. Calculation of the flow fields resulting from
these effects has been included in this work.

The acoustic model is less sophisticated than that employed for the steady loading and
thickness calculation, being compact in the chordwise direction, so the results obtained are
presented as a delta, which can be applied to the outcome of a steady loading and thickness
calculation.

Comparisons with SR-2 model data taken at a low wind tunnel Mach number show encour-
aging agreement.

The final model developed under this contract concerns the scattering of the sound field
emitted by the propfan as a result of the presence of an airplane fuselage with its associated
boundary layer. In the analysis, the emitted sound field is expressed in terms of muitiple
cylindrical waves converging onto the cylindrical fuselage. These waves are then scattered
from the surface of the cylinder, or if a boundary layer is present, the effects of refraction
through this layer are included. The results obtained with this model are in agreement with
observed trends.
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The three models developed under this contract have been exercised for three flights of
the Propfan Test Assessment airplane. In this project, a 9-foot-diameter SR-7L propfan was
mounted on the left wing of a modified Gulifstream II business jet. Microphones were installed
along and around the fuselage, as well as on a wing-mounted boom. The predictions were
made for flights whose operating conditions corresponded to the design point (high altitude
cruise); a low altitude, high power and tip speed point; and a low altitude, reduced power and
tip speed point. Data comparisons were not performed, but free field levels were predicted
at various microphone locations for all three cases.

Results indicated the thickness component to be a strong contributor at cruise, with the
location of the maximum level on the fuselage a function of the thickness of the fuselage bound-
ary layer. In the low altitude, low flight Mach number regime, steady loading sources were the
major contributors, with tip speed effects dominant. Installation effects were predicted to be
fairly small in all three cases, with angle-of-attack effects appearing to dominate.

In conclusion therefore, three major computer programs have been delivered under this
contract. - They predict the noise generated by a high speed propfan as a result of its steady
loading and thickness and its installation environment, together with corrections that should
be applied to measurements taken on the surface of a fuselage.

These programs have been compared with data from a variety of sources, and on the whole,
demonstrate reasonable agreement. In addition, two smaller programs have been delivered;
one to convert the resuits of an aerodynamic flow solution to the input format required by the
steady loading and thickness prediction code; the other to generate blade section Cy and Cp
versus angle-of-attack data for input to the installation effects code. Possibilities for further
work include the development of a rigorous near field model, and the effect (in the far field),
of the presence of a fuselage in the near field.
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